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Sporeformer bacteria are ubiquitous in the farm environment. These bacteria
produce enzymes that negatively affect the quality of dairy products representing a
problem for the dairy industry. Two major issues associated with high levels of
sporeformers in raw milk are shelf-life reduction of fluid milk and market limitations for
milk powder. Specific attention has been given to the contamination of milk powders
with sporeformers due to their ability to survive pasteurization and milk powder
processing conditions. Hence, the control of sporeformers is crucial to benefit the whole
dairy industry. Researchers have suggested that certain management practices could
decrease sporeformers in raw milk, improving the quality and price of dairy products. To
address these issues, this research focuses on identifying common practices used by
Nebraska’s dairy farmers to determine areas where changes could be applied to reduce
sporeformers. Changes were implemented at three different farms in Nebraska and
simulations were created to predict the efficacy of such changes in reducing sporeformers
in milk powder. The identification of common practices suggests that Nebraska’s dairy
farms have acceptable management practices, and changes favored by farmers included
changes in teat sanitizer, clean-in-place chemicals, and detergents used for cleaning and
sanitizing towels. The implementations of these practices, and a change in bedding

protocol, were applied at three different farms. Among seven evaluated interventions, the
clean-in-place, bedding, and towel sanitizing protocols effectively reduced the
concentration of sporeformers in raw fluid milk and predicted for milk powder. From
three teat sanitizers tested, two resulted in conflicting results, while one showed
promising results in a single simulation. In summary, contamination of sporeformers
increases from the farm to the final product, and interventions targeted at the farm can aid
in the reduction of sporeformers in the final product. In addition, the developed riskbased model provides a framework for the milk powder production chain to evaluate
intervention strategies applied throughout the continuum from farm to final product.

“Only those who will risk going too far can possibly find out how far one can go”
-T.S. Eliot
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Preface

The present doctoral dissertation is a research study designed to provide answers
to questions associated with the sporeformers contamination of raw milk throughout the
dairy processing chain. This study is divided into four chapters. Chapter 1 provides a
historical review focused on the safety and preservation of fluid milk in the United States.
Chapter 2 describes the common practices used by Nebraska’s farmers and suggests main
areas where farmers would be willing to adopt changes to improve the quality of raw
milk regarding sporeformers. Chapter 3 evaluates the effectiveness of seven different onfarm interventions implemented at three different farms, in reducing mesophilic,
thermophilic, and thermo-resistant sporeformers in the raw milk at the bulk tank. Chapter
4 establishes a baseline of the levels of sporeformers throughout the milk powder
processing chain through a systematic review and meta-analysis. In addition, this chapter
simulates through a risk-based approach, the impact of the implemented interventions on
the levels of sporeformers to answer the research question, “how effectively on-farm
interventions can aid in reducing sporeformer populations in milk powders?” The results
of this research study provide the dairy industry with guidelines of on-farm interventions
to improve the quality of raw milk regarding sporeformers. In addition, this research
provides knowledge on the management practices used by Nebraska’s dairy farmers,
describes the main areas where farmers are willing to adopt changes, evaluates the
efficacy of several on-farm interventions in reducing sporeformers in raw milk,
establishes a baseline of sporeformers contamination levels throughout the dairy
processing chain, and provides a framework to evaluate intervention strategies applied
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throughout the continuum from farm to final product for the milk powder processing
chain. In general, the study presented here fills a gap in knowledge about the impact of
sanitation procedures and management practices, that will assist the farmers with
strategies to mitigate the risk of sporeformers contamination on farm.
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CHAPTER 1. FLUID MILK IN THE UNITED STATES: A HISTORICAL
PERSPECTIVE.

1.1 Introduction
For the past ten thousand years of human history, milk and dairy products have
had an essential role in the human diet. Indeed, milk is the first food introduced to
infants, carrying an emotional connection. Likewise, dairy farming is an important piece
of the food system. The dairy industry is one of the largest industries in the United States
(US). According to the United States Department of Agriculture (USDA), 223 billion
pounds of milk were produced in the US in 2020.
Fresh milk is one of the most perishable foods part of the human diet. Indeed, for
thousands of years, humans have tried to prevent spoilage, enhance safety, and extend the
shelf-life of fluid milk. From Before Common Era (BCE) to the twenty-first century, the
processing and preservation of milk have undergone incredible advances. More so, the
safety of this highly nutritious food has been the focus of research for many years, which
has led to remarkable improvements for the fluid milk industry. More specifically,
advances in the field of microbiology and engineering have been key to these
developments. Moreover, better processing technologies and governmental regulations
have helped reduce milk-borne diseases and improve the quality of dairy products. In this
review, the history of milk processing and safety will be described. Included are the role
of milk in the human diet, history of how milk was produced and preserved in BCE
times, relevant microbiological events, safety and processing in the twenty-first century,
and, ultimately, a brief look into the future.
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1.2 The Role of Milk in Human Health and Nutrition
Fluid milk is mainly composed of water, protein, lipids, carbohydrates, vitamins,
and minerals, and has a pH ranging between 6.6 and 6.8. Table 1 provides the nutritional
composition of milk per 100 grams as stated by the USDA. Proteins in milk are divided
in two main constituents: caseins (s1-casein, s2-casein, -casein and -casein) and
whey proteins (-lactoglubulin, -lactalbumin, immunoglobulins and serum albumin).
The majority of the proteins in milk are of the casein type (80%), which are the ones that
precipitate at a pH of 4.6; while the whey proteins (20%) remain in solution at this pH. In
addition, milk proteins contain all nine essential amino acids for humans; thus, making
milk a great source of nutrients, especially for children, teens, and athletes (Roy, 2008,
Watson et al., 2008). Lipids (fats) in milk are mainly found in the form of triglycerides at
98%, with diacylglycerides taking up 2%, and provide a good source of energy.
Carbohydrates are mainly found in the form of lactose, which is a disaccharide of glucose
and galactose. Lactose is responsible for providing the sweetness in the milk, is an
excellent source of calories for newborns, and enhances nutrient absorption.

Table 1. Nutritional composition of whole milk. (Source: https://fdc.nal.usda.gov/)
Nutrient
Water
Energy
Protein
Total Lipid
Carbohydrate
Calcium

Unit
g
kcal
g
g
g
mg

Value per 100g
88.13
61
3.15
3.25
4.80
113
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Furthermore, milk contains a wide variety of micronutrients (Figure 1). Water
soluble vitamins like thiamine (B1), riboflavin (B2), and cobalamin (B12) are found in
milk. Additionally, milk possesses small amounts of niacin (B3), pantothenic complex
(B5), pyridoxine (B6), Vitamin C, and folate. It also contains fat soluble vitamins like
Vitamin A, D, K, and E. Low-fat milk is required by law to be fortified with Vitamin A,
and some milk products are fortified with Vitamin D. Milk is also a great source of
minerals such as calcium, iron, magnesium, phosphorous, sodium, and zinc (USDAMyPlate; (Gómez-Cortés et al., 2018). Some of these minerals, and the benefits
associated to them, are: a) calcium – needed to form strong bones and healthy teeth; b)
potassium – aids in maintaining healthy blood pressure levels; c) Vitamin D – aids in
calcium absorption (USDA-MyPlate, 2021).
Milk also contains enzymes, such as lipases and proteases, which are responsible
for digesting the milk, by breaking down and proteins and fats. The enzyme galactosidase, commonly known as lactase, is responsible for breaking down lactose into
its components, glucose and galactose. It is expressed at high levels at birth, decreasing
the production as we age. A mutation in the gene MCM6 prevents the lactase gene from
being “turned off” allowing the body to continue to produce the enzyme in adulthood.
Only 25-30% of adults possess this mutation, while the rest of the population is unable to
produce it, limiting their ability to digest milk (i.e., lactose intolerant individuals).

4

Figure 1. Nutrient composition in one cup of whole milk. Adapted from the Dairy
Alliance (https://thedairyalliance.com/dairy-nutrition/health-benefits-of-dairy/).

Researchers have been studying for many years the health benefits of milk
consumption. In recent years, many studies have been published around the health
benefits of milk consumption (Rosa et al., 2017; Gómez-Cortés et al., 2018; Anto et al.,
2020; Willett and Ludwig, 2020). Some of the benefits include, lowers the incidence of
diabetes, reduces the risk of bone fractures, improves gut health, and improves
cardiovascular health (Gómez-Cortés et al., 2018; Anto et al., 2020). Some of the
benefits of consuming fermented dairy products like kefir and yogurt include: improved
digestion, aids in lowering cholesterol levels, anti-carcinogenic, antioxidant, and antiinflammatory effects (Rosa et al., 2017). All of these nutrients and benefits make milk
one of the most nutritious foods in the human diet.
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1.3 The Early Human History of Milk
Humans first started to consume bovine milk in the middle east during the
Neolithic period, with the development of agriculture (Bellwood, 2005; Society, 2019).
There is archaeological evidence showing the domestication of cows and dairy activities,
such as milking and butter separation, around 3000 to 4000 BCE (Nemet-Nejat, 1998;
Schmid, 2003). In fact, according to Nemet-Nejat, the Sumerians who emerged in
Mesopotamia around 3,100 BCE “…turned an agricultural community into the first
urban civilization in the world” (p.14). Milk processing was manual and straightforward
during this time. When cows were milked, the milk obtained was placed in a narrownecked jar and agitated by the farmer to obtain butter. After it was clotted, the milk was
placed into a wide-neck jar (Nemet-Nejat, 1998).
Stone carvings of dairy activities are documented in ancient temples, and these
carvings reveal that some of the dairy products they consumed were milk, yogurt, butter,
and cheese (Figure 2). Due to the lack of refrigeration in BCE times, milk, in fluid form,
was consumed immediately; however, most of it was converted into butter and yogurt as
a method of preservation. In addition, lactose intolerant individuals were the majority of
the population at this time; thus, converting milk into dairy products aided in removing
lactose, making it more consumable for lactose-intolerant individuals (Burger et al.,
2007; Gerbault et al., 2009; Itan et al., 2009).
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Figure 2. Dairy related activities in a stone carving at the ancient Sumerian Temple of
Ninhursag Source: www.ProCon.org

Evershed et al. (2008) describes evidence of milk processing going back to the 7th
millennium BCE. However, it was not until 2012 that Salque et al. (2013) confirmed that
residues found in the sieves of the vessels from the Kuyavia region in Poland were lipids
derived from milk, confirming that these vessels were used to process milk into cheese.
Additionally, researchers from the University of York found evidence of the betalactoglobulin protein in dental calculus recovered from human remains in Neolithic sites,
supporting pre-existing findings of the consumption of dairy products in the Neolithic Era
(Solly, 2019; Bleasdale et al., 2021). These are important discoveries because they help
explain the processing of milk into products with lower lactose levels, the increase of
lactose persistent genotypes among Europeans, and provides the earliest evidence of
cheese making (Salque et al., 2013).
Other indications of the intertwined history of humankind and dairy include the
appearance (domestication) of cows in Egypt, Africa, and India from 3,100 BCE through
1,700 BCE (ProCon.org, 2019). Additionally, there are numerous repetitions of the word
milk in the Bible, which attest to the Hebrews’ consumption of milk and milk products
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around 63 BCE. Although there is evidence that cows existed in the BCE times, it was
not until 1525, After Common Era (ACE), that the first cow was brought to the Americas,
specifically to Mexico, spreading quickly through North and South America (Schmid,
2003). Figure 3 shows a timeline of the most relevant events associated with dairy
production and processing from 8,000 BCE until 1525 ACE.
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Figure 3. The early history of dairy production and processing from 8,000 BCE until
1525 ACE.
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1.4 Milk Preservation: The Early Days of Microbiology
In the early 1800s, milk was highly studied due to its nutritional value, with
experiments showing that a balanced diet with adequate amounts of milk would lead to
living a long and healthy life (Crumbine and Tobey, 1929). However, during the same
time period, milk was also associated to many foodborne illnesses and Outbreaks.
Crumbine mentions that the first typhoid outbreak associated to milk occurred in 1857 in
England. By 1881, there were 69 outbreaks that were reported in England and associated
with milk resulting in typhoid fever (n = 50), scarlet fever (n = 15), and diphtheria (n = 4)
epidemics. Thus, foodborne illnesses associated with milk were of great concern in the
19th century.
Nevertheless, during this time period, food safety issues (e.g., high bacterial
counts) were not the only problems faced by the dairy industry. Farmers were known to
adulterate milk by diluting it with water to increase profit. More concerning was the
addition of a myriad of chemicals like liquid dyes, chalk, plaster dust, formaldehyde (for
preservation), and even pureed calf brains to milk (Blum, 2018). The situation was
extremely concerning, especially with formaldehyde being used as a preservative for
milk. Indeed, around 1899, children were rapidly dying due to formaldehyde poisoning. It
was the death of 400 children linked to formaldehyde, dirt, and pathogenic bacteria that
led Harvey Wiley and his colleagues to help secure the federal Pure Food and Drug Act
in 1906 in Indiana (Blum, 2018). Figure 4 presents a timeline of the most relevant events
in the 19th century in dairy history.
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Figure 4. The 19th century in the dairy industry.
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1.4.1 The Beginning of Milk Production
During the late 1800s and early 1900s, the primary transportation method
involved horses and wagons. Due to the slow transportation and lack of refrigeration,
dairy farms were mainly located in the city, and dairy products like milk, cheese, and
butter, were produced at the farm. As factories started to emerge and urbanization
occurred, milk became a marketing product, and the seller would determine the milk
price. Fluid milk produced by farms in large cities supplied milk for the fluid milk
market, demanding a higher price for their product. On the other hand, farms that were
located in smaller towns provided milk for dairy products, such as cheese and butter,
receiving a lower price for their milk (Schmid, 2003; Barbano, 2017). Around 1910, milk
was initially delivered by farmers in milk drums, and later, in the 1960s, it was delivered
in five-gallon aluminum containers (Feiereisel, 2017). During this time, the milk price
was negotiated between buyer and seller, mostly based on supply and demand, giving the
seller the upper hand. In the 1900s, each farmer produced enough milk to feed around 19
people; nowadays, each farmer produces enough milk to feed more than one hundred
individuals.
As cities developed and transportation improved, more farms started to emerge in
rural areas. Trains became the primary method of transportation, and ice was used to
transport milk from the rural areas to the milk processing centers, where it was heattreated and packed in glass bottles for delivery (Barbano, 2017). The milk industry was a
big business; it contributed about 5% of the whole income in the United States. With
more product to sell, the marketing of milk was no longer a matter of supply and demand;
they had to compete to sell their product. Moreover, prior to 1920, there were no national
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laws, regulations, or guidelines for the production or cost of milk and dairy products;
each city had its own guidelines, which led to economic downturns.
For example, the New York Milk War of 1883 and the Great Depression of 1920
– 1938 significantly affected dairy farmers. During the Great Depression, the demand for
milk was high, but farmers had too much work, low profits, and too many debts. This
phenomenon dropped the price of milk, causing the producers to go on strike. Milk was
dumped to reduce the supply and consequently increase the price. However, people could
still not afford milk, and producers were subjected to sell their milk at the price that the
buyer could afford, which resulted in loss of profit (Dyson, 1970). Three strikes happened
in Wisconsin in 1933, where bombs detonated in cheese factories, 34,000 pounds of milk
were dumped, and one farmer was killed (Janik, 2017; Barrett, 2019). The year 1933 was
challenging for the dairy industry; it was reported that 10 million dollars were lost during
the Great Depression. All of these events caused significant instability in the price of
milk (Janik, 2017). In 1933 the United States Federal Agricultural Adjustment Act was
created to stabilize milk prices through a license system, which led to the Federal
Agricultural Marketing Agreement Act of 1937, which provided equal and fair price for
all farmers regardless their location.

1.4.2 Pasteurization to the Rise
Louis Pasteur was a French chemist and biologist renowned for his contributions
to science and known as the father of microbiology. He demonstrated that the heating of
wine made the beverage safer and last longer. After this finding, in 1871 he proceeded to
apply this discovery to beer. This method led to the ground-breaking idea that the safety
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and quality of foods could be improved by heat (Steele, 2000). Pasteur is also known for
other contributions to science. For example, he discovered how to immunize people with
an inactivated form of microorganisms, which led to the development of vaccines. He is
also known for his work on silkworms, anthrax, and rabies. Thanks to Pasteur’s teachings
on the field of “germ theory”, other scientists were able to make tremendous
contributions to science. For example, sterilization methods in hospital operating rooms
were made, and aseptic methods that are currently commonly used in science, e.g., the
autoclave, were possible due to Pasteur’s initial discoveries (Fleming, 1947).
While there is no evidence that he applied this principle to milk, the heating
method widely known for its application within the milk industry is a tribute to his last
name: Pasteurization. Evidence, however, existed of the benefits of the pasteurization
method discovered in 1864. A pediatrician in New York, Henry Koplik, started to use
this method to heat milk before feeding it to infants in 1889 (Steele, 2000). Following
Henry’s methods, Nathan Straus, a New York philanthropist, established milk depots in
New York City, aiming to lower the mortality rate in children due to the consumption of
contaminated raw milk (Steele, 2000). Even though the benefits were clear,
pasteurization was not easily accepted. Many health professionals had reservations about
the application of this process to milk, considering it a substitute for good hygienic milk
production practices (Steele, 2000). The rise of mortality among infants, along with the
knowledge of the relationship between germs and disease, were the main factors in
changing the perception associated to milk pasteurization (Currier and Widness, 2018).
At the time, the method used was called flash pasteurization and consisted of heating the
milk to 81°C for a moment and quickly cooling it down. In spite of not being reliable, it
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was cheap and gave fast results. Steele mentions that “flash pasteurization made ready
the coming of holder or vat pasteurization, the basic process on which the foundation of
the modern milk industry was built” (Steele, 2000). Pasteurization, without a doubt, is
one of the most important discoveries in human history and food processing, especially
within the milk industry.

1.4.3 Processing and Microbial Contamination of Milk
Although pasteurization was discovered in the late 1800s, it was not until 1907
that the first commercial pasteurizer was installed in the United States (Andrews and
Fuchs, 1944). In the early 1900s, Mycobacterium tuberculosis, Corynebacterium
diphtheriae, Salmonella Typhi, Streptococcus pyogenes (scarlet fever), Shigella
dysenteriae, and Brucella spp (malta fever) were the most recognized microorganisms
associated with illnesses caused by raw milk consumption (Rosenau, 1908). M.
tuberculosis was thought to be the most heat-resistant microorganism found in milk.
Between 1883 and 1906, more than 26 reports emerged studying the thermal destruction
of M. tuberculosis, and around 31 different combinations on time and temperature were
suggested to be used in order to destroy this microorganism. Because times and
temperatures varied greatly (temperatures going from 50°C to 100°C, and times from 1
minute to 6 hours), on November 7 of 1924, that the Standard Milk Ordinance was
created by the United States Public Health Services (USPHS) to standardize the process.
This is the document that served as the foundation for what is now known as the Grade
“A” Pasteurized Milk Ordinance (PMO) (DHHS, 2017).
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The document stated a temperature of no less than 61.1°C for 30 minutes to
destroy the target, most thermal resistant pathogenic microorganism associated with milk,
M. tuberculosis (Westhoff, 1978; Holsinger et al., 1997), and helped lower the number of
milk-borne outbreaks. As pasteurization became more popular, other methods were
developed. In the 1930s, the continuous pasteurization method achieved by the use of
plate heat exchangers was developed. Today this method is known as the HighTemperature Short Time (HTST) pasteurization method. The year 1933 holds relevance
for the dairy industry, as it was then when the HTST standards (71.1°C for 15 seconds)
were included in the USPHS Milk Ordinance Code (Westhoff, 1978). Even though
pasteurization was being implemented in some states, it was in 1947 that Michigan
became the first state to implement a mandate on milk pasteurization (Steele, 2000). This
was a significant achievement towards food safety in the dairy industry.
During this time period, additional research associated with dairy safety was
being conducted. Because of an epidemic in Southern California, the presence of another
pathogenic microorganism in milk with higher heat resistance than M. tuberculosis was
identified (Bell et al., 1950). Enright et al. (1957b) determined that Coxiella burnetii
found in milk was able to survive under the required time-temperature conditions for
pasteurization. The organism responsible for Q fever, C. burnetti, became then the target
organism of pasteurization in 1957. Thus, the HTST parameters were changed to 71.7°C
for 15 seconds, which remain as part of the PMO to this day, along with C. burnetii being
the target organism (Enright et al., 1957a; Holsinger et al., 1997).
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Figure 5 present a timeline of the most relevant events in the dairy industry
during 1900 and 1950. This timeline includes regulations, discoveries, social situations,
and food safety issues in the first fifty years of the 1900s.
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Figure 5. Regulations, discoveries, social events, and food safety issues associated with
the dairy industry from 1900 to 1950.
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Figure 5 (continuation). Regulations, discoveries, social events, and food safety issues
associated with the dairy industry from 1900 to 1950.
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1.5 Dairy Industry in the Modern Era
1.5.1 Milk Production and Consumption
The world’s primary seven milk producers are India, the United States of
America, Pakistan, Germany, China, Russia, and Brazil (Figure 6). These countries
account for 54% of the world’s milk production (FAO, 2021). Similar to the 1900s,
supply and demand are the forces that drive milk prices. However, today, supply and
demand are combined with state and federal guidelines to establish milk prices in the US.
Milk is classified into four categories, and the price of milk goes from highest to lowest,
from Class I to Class IV. Class I refers to raw milk destined for fluid milk; Class II is the
raw milk to be used for manufactured products like soft cheeses, ice cream, sour cream,
and yogurt; Class III is used to describe raw milk used for hard cheeses; while Class IV
raw milk is used to obtain butter and dry products (De Vries and Feleke, 2008).
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Figure 6. Top seven milk producers in the world in 2019. Adapted from (FAO, 2021)

Grade A is the highest quality raw milk produced, having higher sanitation
standards at the farm level than those required for manufacturing grade milk. This highquality milk is required for the production of pasteurized fluid milk. Some characteristics
of high-quality milk include low bacteria count (< 100,000/mL), low somatic cell count
(< 750,000 cells/mL), being free of pathogens and antibiotics, and preservation of all its
nutritional and functional properties, among others (Campbell and Marshall, 1975). Over
the years, the dairy industry has adopted new technologies and practices based on
scientific evidence that has allowed the consistent production of raw milk that meets the
standard of Grade A milk. For example, bulk tanks have been designed for every other
day pick-up, holding large amounts of raw milk and having the capability to cool the milk
rapidly from 32°C to 2 – 4°C.
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Another example is the implementation of Clean-in-place (CIP) systems for
cleaning and sanitation of bulk tanks and milking machines. CIP systems were exploited
in the early 1950s, rapidly becoming a common cleaning and sanitation practice in
processing facilities (Campbell and Marshall, 1975). Proper sanitation is essential to
produce high-quality raw milk and to maintain that quality during storage in raw milk in
bulk tanks. A CIP cleaning system consists of cleaning the milking machine, pipes, and
bulk tank by running cleaning solutions through the equipment at an appropriate time,
temperature, and speed. As the years’ pass, the industry has created better cleaning
solutions for this type of equipment with the purpose of removing organic contamination,
disinfecting clean surfaces, and eliminating sanitation residues (Thomas and Sathian,
2014). A standard CIP system involves the following steps: 1) a pre-rinse to remove milk
residues; 2) an alkali detergent; 3) an intermediate rinse; 4) an acid wash; 5) a final rinse;
and 6) a sanitizer (disinfectant). In the dairy industry, the most common alkaline
detergent used is Sodium Hydroxide (caustic soda), and the most common acid detergent
used is Nitric Acid. In addition, some of the most used sanitizers include chlorine-based
compounds (e.g., chlorine dioxide and sodium hypochlorite), quaternary ammonium
compounds, and peracetic acid. For example, a CIP cleaning program for heated surfaces
(e.g., pasteurizer) would consist of: a) a pre-rinse step with warm water (< 55°C) for 10
minutes; b) circulation of the alkaline detergent (Sodium Hydroxide) at a concentration of
0.15 – 1.0%, for 10 – 30 minutes at 70 – 80°C; c) an intermediate rinse with warm water
for 5 minutes; d) circulation of acid detergent (Nitric Acid) at a concentration of 0.5 –
1.0%, for 5 – 20 minutes at 55 – 80°C; e) a final rinse with cold water; and f) a
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disinfection step with hot water (90 – 95°C) for 5 minutes or a chemical sanitizer
(Bylund, 1995, Wirtanen and Salo, 2003, Thomas and Sathian, 2014).
Likewise, an increase in the knowledge about pathogenic and mastitis-causing
microorganisms has led to the development of better sanitizers that are used to treat the
udder and/or cow’s teats pre and post milking. The most common classes of teat
sanitizers are iodine, chlorine dioxide, chlorhexidine, hydrogen peroxide, and sodium
hypochlorite. The most common teat sanitizer used is iodine, taking more than 60% of
the market share. Iodine is an oxidizing agent with a broad-spectrum germicide activity
against mastitis-causing organisms (e.g., bacteria, fungi, virus, spores). This teat sanitizer
is commonly used pre-miking at a concentration of 0.5% (5,000 ppm) and at a
concentration of 1% (10,000 ppm) during post-milking (Watters). As a result of all the
improvements associated with the milking parlor over the years, Grade A milk represents
90% of the total annual milk production in the US (Hurst, 2012).
According to data from the United States Department of Agriculture (USDA),
Americans, on average, drink 43 percent less milk today than they did in 1975 (Figure
7). While all kinds of fluid milk (i.e., whole, 2%, skim) have contributed to this decrease
in consumption, whole milk has contributed the most. McCarthy et al. (2017) studied the
reasons for choosing dairy, non-dairy, and plant-based beverages among consumers and
found that environmental concerns and animal welfare were the main reasons for plantbased consumers not to choose cow’s milk. Additionally, the study by McCarthy et al.
(2017) study shows that lactose was a concern for both dairy and non-dairy consumers.
Attempting to meet consumers demands and expectations, the dairy industry has made
available in the market milk with different fat contents (whole milk, 2% milk, 1% milk,
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and fat-free milk) in different packaging sizes (1 gallon, 1 liter, 1 quart) and containers
(plastic and carton). In addition, fortified milk with vitamins (A and D) has also been
made available. Nonetheless, the consumption of fluid milk per capita, as mentioned
previously, continues to decrease in the US (Weckel, 1941; Judd and Tangpricha, 2008).
However, continued innovation has opened new segments of the market, such as those
achieved by the use of membrane filtration systems that are used to create lactose-free
products, remove bacteria and spores from fluid milk, create whey protein concentrate,
and produce extended shelf-life (ESL) milk (Elwell and Barbano, 2006). In brief, plantbased milk alternatives, an extensive selection of beverages available in the market,
lactose intolerance, health, animal welfare, and generational changes seem to be the
driving forces behind the decline of milk consumption in the United States.
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Figure 7. Fluid milk consumption per capita in the United States over the last forty-four
years. Source: Food Availability USDA-ERS (2021).
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Nevertheless, even though milk consumption has decreased over the years, the
production of milk in the US has continued to increase over time (Figure 8). Essentially,
farmers have implemented a series of changes and improvements that have supported a
more efficient system for milk production. Milking equipment has replaced human labor,
while refrigeration has played a vital role in preserving fluid milk. In addition, a better
understanding of the dairy cattle genome has led to changes in lifestyle and nutrition that
have enhanced cow’s milk production.
Because of all the improvements and increased efficiency at the farm level, today
there are fewer but larger farms. For example, a study performed by the Nebraska
Department of Agriculture (NDA) in 2014 reported that in 1965 there were 27,000 farms
that contained at least one dairy cow. However, the number of licensed dairy farms in
2013 was reported to be 195. Moreover, this study reported that there were on average 98
cows per farm in 1999, compared to 282 cows per farm in 2013 (NDA, 2014).
Furthermore, as the number of milk cows decreases, the yield per cow goes up
(Figure 9). According to the USDA, the total annual milk production in the US has
increased 13.7 percent during the past ten years. More recently, milk production
increased 0.4 percent in 2019 compared to 2018 and an additional 2.2 percent in 2020. In
addition, since 2011, the annual milk production per cow has increased by 11.5 percent
(USDA, 2020; USDA, 2021).
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Figure 8. Milk production in the United States over the past fifty years. Source: Dairy
Data, USDA-ERS (2021).
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Figure 9. The average number of milk cows in the United States and milk production per
cow over the past fifty years. Source: Dairy Data, USDA-ERS (2021).
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Research and technology have played a critical role in bringing the dairy industry
to where it is. Even though fluid milk consumption has decreased over the years,
innovation and product diversification have increased the demand of fluid milk for
processing. A summary of the most important events from the 1950s until the present
time as it relates to the dairy industry is presented in Figure 10.
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Figure 10. Summary of important events associated to the dairy industry from 1950 until
present time (2020).

28

Figure 10 (continuation). Summary of important events associated to the dairy industry
from 1950 until present time (2020).
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1.5.2 Microbial Quality and Safety of Milk and Dairy Products
Milk safety has always been a concern for the dairy industry, with numerous
outbreaks and chemical adulterations leading to consumer poisoning associated with fluid
milk consumption during the 1800s (Blum, 2018; Fernandez, 2018). However, it was
only in September of 1987 that the Food and Drug Administration (FDA) published a
regulation mandating the pasteurization of milk products, which banned raw milk from
interstate commerce (21 CFR, 1240.61; Weisbecker, 2007). Nonetheless, in thirty out of
fifty states, selling raw milk is still legal in the United States. More specifically, retail
stores can sell raw milk in 13 states: Arizona, California, Connecticut, Idaho, Maine,
Nevada, New Hampshire, New Mexico, Oregon (only raw goat and sheep milk, not cow
milk), Pennsylvania, South Carolina, Utah (owner of the store must be the producer of
the milk), and Washington. Farmers can legally sell raw milk at the farm in 17 states:
Arkansas, Illinois, Kansas, Kentucky, Massachusetts, Minnesota, Mississippi, Missouri,
Nebraska, New York, Oklahoma, Rhode Island (raw goat milk only, not cow milk),
South Dakota, Texas, Vermont, Wisconsin, and Wyoming. However, selling raw milk
that is destined for human consumption is illegal in 20 states: Alabama, Alaska,
Colorado, Delaware, Florida, Georgia, Hawaii, Indiana, Iowa, Louisiana, Maryland,
Michigan, Montana, New Jersey, North Carolina, North Dakota, Ohio, Tennessee,
Virginia, and West Virginia (ProCon.org, 2018).
Even though the vast majority of fluid milk and dairy products marketed in the
US are pasteurized, occasional foodborne outbreaks are associated with the dairy
industry. The Center for Disease Control and Prevention (CDC) estimates that 48 million
individuals get sick every year, 128,000 are hospitalized, and 3,000 die in the US due to
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foodborne illnesses (CDC, 2018). Milk and dairy product outbreaks are primarily due to
Campylobacter, Listeria, and Salmonella (Odumeru, 2002). Twenty-six states reported
81 outbreaks associated with the consumption of raw milk from 2007 through 2012. In
fact, these 81 outbreaks were responsible for 979 illnesses and 73 hospitalizations
(Mungai et al., 2015). In addition, Mungai et al. (2015) described an increase of
outbreaks associated with the consumption of raw milk by three percent. Thus, the
consumption of raw milk continues to endanger the safety of consumers in the US.
Listeria monocytogenes is a rod-shaped, nonsporeforming, gram-positive bacteria.
This bacteria can grow under temperatures as low as -0.4°C or as high as 50°C, which
represents a concern for the food industry (Farber and Peterkin, 1991). L. monocytogenes
has been linked to milk and dairy products as a causative disease agent in both humans
and cattle. Listeriosis outbreaks have been reported in raw milk, soft cheeses, ice cream,
butter, pasteurized milk, and chocolate milk worldwide (Lundén et al., 2004). A wellknown example of an outbreak due to this pathogen was associated with the Blue Bell
brand in various frozen products. Consequences of this outbreak included ten
hospitalizations across four states (Arizona, Oklahoma, Kansas, and Texas) and three
deaths due to the consumption of ice cream products contaminated with Listeria (CDC,
2015). Listeriosis causes flu-like symptoms, and to this day, L. monocytogenes remains a
great concern due to its ability to cause spontaneous abortions in pregnant women.
Campylobacter is an s-shaped, gram-negative bacteria that causes diarrhea,
abdominal pain, and fever (Silva et al., 2011) and grows best between 37°C and 42°C
(Davis and DiRita, 2008). This organism is one of the five most important foodborne
pathogens that cause foodborne illnesses, hospitalizations, and deaths in the US (Scallan
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et al., 2011). Campylobacter jejunii is of importance to the dairy industry, as it has been
isolated from bulk tank raw milk, cheeses, and yogurt (Lovett et al., 1983; Jayarao et al.,
2006; El-Zamkan and Hameed, 2016). This pathogen accounts for 80% of the outbreaks
associated with the consumption of dairy products (CDC, 2019).
Salmonella is a rod shape, gram-negative bacteria that causes diarrhea, abdominal
cramps, and fever. Salmonella contamination and outbreaks in dairy products are mostly
related to raw or unpasteurized milk, affecting primarily children, the elderly, and
immunocompromised individuals (Tauxe, 1991; Mungai et al., 2015). Salmonella also
appears as one of the top five foodborne pathogens that cause foodborne illnesses,
hospitalizations, and death in the US (Scallan et al., 2011).
Cronobacter is a rod shape, gram-negative bacteria from the Enterobacteriaceae
family. This bacterium grows under temperatures varying from 15°C to 50°C (Ueda,
2017). Cronobacter is of significant concern in the milk powder industry due to its high
mortality rate (40 to 80%). It can cause meningitis and septicemia, among others, and the
World Health Organization has detailed guidelines in place for the production of safe
dairy-based infant formula (Norberg et al., 2012). Because the reporting of this organism
is not required, the number of illnesses, hospitalizations, and deaths in the US is
unknown. However, the CDC reports that four to six infants contract a Cronobacter
infection annually (CDC, 2020).
Sporeformers are a group of bacteria that can be classified as psychrotrophic,
mesophilic, thermophilic, and thermo-resistant (heat resistant), based on the temperature
for their optimum growth. Due to their spore structure, these organisms are resistant to a
variety of harsh environments, including pasteurization conditions, among other dairy
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processes (Martin et al., 2019). Fluid milk quality can be enhanced by controlling postprocessing contamination and sporeformers that can grow at refrigeration temperatures
(Ivy et al., 2012). On the other hand, improving the quality and safety of cheeses will
require control of psychrotrophic organisms like Pseudomonas and sporeformers that
cause quality defects, in addition to L. monocytogenes (Scheldeman et al., 2006; Doyle et
al., 2015; Boor et al., 2017). Besides the food safety issue associated with Cronobacter
that needs to be controlled, milk powders could have their quality enhanced by a
reduction in sporeformer organisms that are typically found in the processing equipment
and can withstand high temperatures (i.e., thermophilic sporeformers). In general,
sporeformers affect different dairy products, including those made with milk powders.
Pseudomonas is a genus of gram-negative bacteria that can grow in temperatures
ranging from 4°C to 42°C, being the optimum at 20°C (Meng et al., 2017). Pseudomonas
has been associated with food spoilage, and it is particularly known for being the
predominant psychrotrophic bacteria found in raw milk (Wiedmann et al., 2000; Mallet et
al., 2012). Enzymes produced by P. fluorescence have been reported as the most
damaging due to their ability to hydrolyze proteins and fats in raw milk (Dufour et al.,
2008). Therefore, Pseudomonas is one of the greatest concerns in the dairy industry.
Because the pasteurization process is designed to inactivate pathogens of public
health concern, most issues associated with pasteurized dairy products’ quality and safety
are associated with post-processing contamination. Post-processing contamination in the
dairy industry may result from cross-contamination of finished products with raw
materials or due to inadequate sanitation of equipment and processing facilities.
Therefore, Good Manufacturing Practices (GMP), adequate storage and handling
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methods, and implementation of food safety management systems (i.e., Hazard Analysis
and Critical Control Points (HACCP), and Preventive Controls) are key to controlling the
contamination of milk from the farm throughout the dairy processing chain.

1.5.3 Preservation Methods in the Dairy Industry
Converting milk into cheese, yogurt, and butter was the only method used to
preserve milk in the early years of milk consumption. The association of pasteurization
with the inactivation of microorganisms and the extension of the shelf-life of perishable
foods moved from the preservation of wine to other foods, including fluid milk.
The higher the temperature used to pasteurize milk, the more harmful bacteria
would be eliminated. However, subjecting milk to excessive heat can lead to a cooked
and/or burnt flavor and texture defects, which may result from Maillard reactions and
protein denaturation (Calvo and de la Hoz, 1992). Therefore, pasteurization methods have
been developed throughout the years to preserve milk and maintain its quality and
nutritional content. The most common ones include:
Low Temperature Long Time (LTLT) – also known as batch or vat pasteurization.
This method consists of heating the milk at a temperature of 63°C for 30 minutes.
It is mainly used in small dairy processing facilities, with pasteurization
performed in a vat. It may also be used along with traditional and artisan cheesemaking (Grappin and Beuvier, 1997; Garcia-Amezquita et al., 2009).
High Temperature Short Time (HTST) – this continuous method consists of
heating the milk at 72°C for 15 seconds using a heat exchanger. Milk is then
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packaged into plastic or carton containers, and refrigeration is required under
storage.
Ultra-Pasteurization (UP) – consists in heating the milk at 138°C for at least 2
seconds (21 CFR 131.3, FDA 2021). Extended Shelf Life (ESL) is a term given to
this type of product where the quality has been improved after packaging. This
method can achieve a shelf-life of 30 to 90 days under refrigerated conditions.
Ultra-High Temperature (UHT) – by heating the milk to temperatures between
135 and 150°C for a few seconds, Ultra High Temperature (UHT) processing is
accomplished (Valero et al., 2001). This commercially sterile product will not
support bacterial growth under storage conditions and does not require
refrigeration until opened. Upon processing, the milk is usually packed in
multilayer carton containers (i.e., Tetra Pak) and can achieve a shelf-life of six to
nine months under controlled storage conditions.

In addition to pasteurization methods, further preservation may be achieved by
converting milk into different dairy products through fermentation and separation into
milk components, which also allows individuals to consume milk based on their unique
dietary needs and preferences. Some of the most common and widely known dairy
products are cheese, yogurt, creams, kefir, ice cream, sour cream, and butter.
Concentration (i.e., condensed milk) and drying (i.e., milk powder) are additional
processes used by the dairy industry to preserve fluid milk. Besides having a longer shelflife in its concentrated or powdered form, milk in the form of these products may be used
as raw ingredients for the development of a multitude of other products.
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1.6 A Look into the Future of Milk Processing
During the past fifty years, while fluid milk consumption has decreased, the
consumption of dairy products and the production of milk have increased. From data
reported by the USDA-ERS (2021), it is expected that the demand for dairy products will
continue to increase in the next fifty years. In fact, Britt et al. (2018) mentions that there
are two main reasons for the increase in the demand for dairy products. The first reason is
that higher consumer incomes will increase the demand for animal products, which
provide vital nutrients for human health and development in developing countries.
Second, “dairy products meet nutritional requirements of humans from the standpoint of
farming practices”, i.e., less land is used to produce one gram of protein than with fresh
produce or beef (Britt et al., 2018). Furthermore, the world’s population is projected to
grow from 7.8 billion in 2020 to 10.5 billion in 2070 and to 10.9 billion in 2100, which
will lead to an increase in the demand for all foods, including dairy products (United
Nations, 2019).
Many factors affect how dairy farms operate and define milk production and its
efficiency. In order to fulfill the current and future demand, both production and
preservation methods will benefit from innovation and advancements in technology.
According to Britt et al. (2018), milk volume per cow will continue to increase as
technology aids in natural selection and overall animal welfare (e.g., superior feed,
tolerance to heat in animals, healthier breeds, better management, among others).
Therefore, the two major forces driving the increase in milk production per cow will be
genomic selection for cow yield and modernization of farms, including robotics and
automation to replace human labor (Britt et al., 2018). More so, the commercial value of
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milk will be an essential factor for dairy farmers’ cost-effectiveness, determining their
sustainability. Additionally, any technology that reduces waste and spoilage, or increases
the shelf-life of products, may also contribute to increasing the amount of milk and dairy
products available to consumers. Examples of such attempts include the Millisecond
Technology (MST) used by Vaquería Tres Monjitas to launch new products in Puerto
Rico and the Virgin Islands. The MST process, which precedes pasteurization, consists of
pressure changes in a short time at lower temperatures than those of the pasteurization
process. The goal of using this process is to retain the fresh flavor of milk and its
nutrients while eliminating spoilage and pathogenic microorganisms. MST technology
has been under development for more than 15 years, and Puerto Rico is the first market in
the world to use it commercially (Caribbean Business, 2019).
In line with reducing waste, any measure or advances in reducing post-processing
contamination would be beneficial in contributing to increasing the amount of milk
available to the industry. Thus, sanitation practices and quality standards need to be
enhanced. Additionally, to meet future market demands, consumer expectations, and
sustainability, dairy farms and processors will be required to improve production, reduce
waste, and improve quality; all while also managing food safety, animal welfare,
groundwater pollution, and biodiversity, among others (Van Calker et al., 2005). Just as it
has been for the past fifty years, science and technology will be the key to meeting
consumer’s demand for dairy products in the future.
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CHAPTER 2. A SURVEY ON MANAGEMENT PRACTICES USED IN
NEBRASKA DAIRY FARMS AND FARMER’S WILLINGNESS TO ADOPT
CHANGES TO REDUCE SPOREFORMER BACTERIA

2.1 Abstract
Sporeformer bacteria are ubiquitous in the farm environment. However, certain
areas of the farm are more likely to be contaminated with these organisms. Researchers
have suggested that certain management practices at the farm level could decrease the
sporeformers levels in raw milk, improving the quality and price of dairy products. The
main goal of this study was to identify common practices used by Nebraska’s farmers and
determine the main areas where they would be willing to adopt changes that could
improve the quality of the raw milk in regards to sporeformers counts. This study was
done by using an online survey distributed to all 195 licensed dairy farms in Nebraska. In
total, 22 farms across 19 counties participated in the survey. The results showed that herd
sizes ranged from 34 to 1700 cows, with one exception (10,000 cows). As part of the
milking routine, all participant farmers use a pre- and post- milking teat disinfectant, with
78% of them favoring it in the liquid (dip) form. Regarding environmental conditions,
wood and steel are the most common housing types, with sand as the preferred bedding
material (76%). Additionally, 95% of the farmers receive premiums for low Somatic Cell
Count and 55% for low Total Plate Count and low Laboratory Pasteurized Count. The
results obtained from this study suggest that 73% of farmers would be willing to
participate in a study to change management practices and offers insight into possible
interventions for the reduction of sporeformer populations in raw milk.
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2.2 Introduction
Bacillus and Paenibacillus spp. are sporeforming bacteria with the ability to
survive pasteurization due to their spore structure. Under refrigeration temperatures, their
growth causes changes in milk quality due to oxidation and proteolysis, leading to offodors and texture defects (Meer et al., 1991; Huck et al., 2008). Therefore, these bacteria
pose a problem for the fluid milk industry. Additionally, the milk powder industry may
need spore counts as low as 50 spores/g to be able to compete in a global market
(Bienvenue, 2013).
To improve the quality of dairy products related to sporeformers, a better
understanding of the factors associated with their entrance into the milk chain is needed.
Populations of sporeforming bacteria have been identified in samples of feed concentrate,
silage, bedding, manure, soil, water, teat cups, among others in the farm environment
(Vaerewijck et al., 2001; Huck et al., 2008). Research shows that we can find the same
bacterial subtypes in raw and pasteurized milk samples, hence identifying raw milk and
farm environment as one of the main entry point of these organisms into the milk chain
(Huck et al., 2007a; Martinez et al., 2017).
Moreover, a study at the University of Nebraska-Lincoln evaluating four different
farms across Nebraska suggested not only a high prevalence of sporeformers in the farm
environment but also the presence of psychrotrophic sporeformers. These
microorganisms seem to be associated with areas and surfaces that come in close contact
with raw milk, such as cow’s teats and milking equipment. Results also suggest that some
of the strains found in the final product, such as fluid milk, are indistinguishable by
molecular methods from strains found in those farm sampling points (i.e., cow’s teats and
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milking equipment) (Estrada-Anzueto, 2014). Additionally, a study in New York showed
that these sporeformer bacteria can be transmitted within the processing plant (Huck et
al., 2007b), and their persistence throughout the processing chain contributes to their
presence in the finished product. These results show the importance of controlling those
entry points at the farm to achieve low levels of spores in raw milk.
Published data has indicated that the primary sources of sporeformers are the
environment surrounding dairy cows. These sources include animal feed, water, bedding
(te Giffel et al., 2002), manure (Huck et al., 2008), milking equipment (milking clusters),
as well as the animal itself (i.e., teats) (Scheldeman et al., 2005). Factors affecting the
quality of milk could be controlled by certain management practices, such as bedding
type, silage type, housing periods, among others (Masiello et al., 2014; Martínez, 2016).
At this moment, there is limited research linking standard farm practices to sporeformers
levels in raw milk. The objectives of this study were to identify common practices used in
Nebraska dairy farms and determine main areas where farmers would be willing to adopt
changes in order to improve raw milk quality regarding sporeformer populations.

2.3 Materials and Methods
A total of 195 farms are licensed as dairy farms in Nebraska, located primarily on
the state's eastern side. The survey's intended target audience included a sample size of 10
to 15 percent of those licensed dairy farms, with a minimum number of 20 farms.
Participation in this survey was voluntary, and the option of answering anonymously was
available.
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A survey instrument (questionnaire) was used to determine which practices are
currently used in Nebraska dairy farms. The questionnaire survey was administered
through the Midwest Dairy Association to all 195 dairy producers via email. The survey
was conducted from July 2016 through March 2017. The main goal was to identify
common practices used in Nebraska dairy farms and identify primary areas where
farmers would be willing to adopt changes.
The survey instrument was divided in five areas of interest besides the general
information on the farm: general management of the herd (3 questions), milking routine
(9 questions), environmental conditions of the farm (10 questions), sanitation (7
questions), and willingness to participate in research and sharing of farm records (10
questions). The complete survey instrument can be found in Appendix A.

2.4 Results and Discussion
An online survey entitled “Current Practices in Dairy Farms: Tracking heatresistant sporeforming bacteria in the milk chain” was created and distributed to farms in
Nebraska through the Midwest Dairy Association (MDA) to evaluate common and
current practices in dairy farms. This survey contained questions covering five areas of
the dairy farm or business: general management of the herd, milking routine,
environmental conditions at the farm, sanitation, and willingness to participate in
research/share data.
According to recent data from the MDA, 195 farms are licensed as dairy farms in
Nebraska, located primarily in the state's eastern side (NDA, 2014). By the time the
survey was closed, a total of 22 responses had been received, accounting for 11.3% of all
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farms in the state. Figure 1 shows the geographic distribution of the farms that
participated in the survey, including two farms in three different counties: Antelope,
Custer, and Polk; and one farm in sixteen different counties: Butler, Cedar, Cuming,
Dakota, Gage, Jefferson, Kearney, Knox, Lancaster, Merrick, Otoe, Richardson, Seward,
Washington, Wayne, and Wheeler.

Figure 1. Geographic distribution of the survey participants in Nebraska.

2.4.1 General Management
The International Farm Comparison Network Dairy Report of 2011(IFCN), which
contains data regarding dairy farms structure, economic indicators, and milk production,
among other, from 90 countries, classified them into three categories based on herd size
(International Farm Comparision Network. Kiel and Hemme, 2008). Farms with one to
two cows represent 78.0% of the farms and are the ones that operate on a subsistence
level. Farms with 11 to 100 cows represent 22.0% of the farms, they are operated by
family members and produce enough milk to create an adequate amount of income for
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the family members. Finally, farms with more than 100 cows represent only 0.3% of the
farms and are considered business farms (Douphrate et al., 2013). According to this
study, the farms participating in this survey could be classified as family farms (n = 3,
14%) and business farms (n = 19, 86%).
The “Dairy Growth and Development Study” done in 2014 by the Nebraska
Department of Agriculture reported that in the state of Nebraska are 55,000 cows, with an
average of 282 cows per farm, each cow producing around 70 pounds of milk per day
(NDA, 2014). When looking at general management of dairy farms in Nebraska (Table
1), survey results showed that farms have between 34 and 1,700 cows, with 170 cows
being the most common size. The exception was one farm, which has a herd of 10,000
cows. The median milk production among farms surveyed was 75 pounds per cow, which
is in line with data provided by the Nebraska Department of Agriculture survey in 2014.
Tail docking is a common practice among dairy farmers. However, most
individuals are against this practice based on the lack of evidence on udder health and
cow cleanliness (Weary et al., 2011). Farmers in Nebraska are no exception, the majority
of the respondents do not practice tail docking with only 33% of the farms still docking
cow’s tails (Table 2).

Table 1. General characteristics of the farms.
Survey Item
Cows milked daily
Average milk production (kg)
Milk Storage Temperature (°C)

Min

Median

Mode

Max

34

180*

170*

1700*

23.6

34.0

31.8

40.0

2

3

3

4

*Farm with 10,000 cows was excluded from this statistic.
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Table 2. Current practices in Nebraska dairy farms
Survey item
General Management
Tail docking of cattle
Milking Practices
Udder Preparation:
Dry massage
Fore-strip
Pre-milking disinfectant
Post-milking disinfectant
Cow segregation at milking
Are segregated cows milked last?
Use of gloves in the milking parlor
Environmental
Reuse of Bedding
Recycling of water
Sanitation
Cleaning and sanitation procedures for milking equipment
Cleaning and sanitation procedures for teat cups
Participation
Willingness to participate in the study
Willingness to change current practices:
Bedding
Clean-In-Place protocols
Sanitizers used on reusable towels
Change to disposable towels
Records
Milk sold under contract
Receive premiums for milk quality
Low Somatic Cell Count (SCC)
Low Total Plate Count (TPC)
Low Laboratory Pasteurized Count (LPC)
Have available records of
Somatic Cell Count (SCC)
Total Plate Count (TPC)
Laboratory Pasteurized Count (LPC)
Willingness to share data under confidentiality

Yes

No

Skipped

7

14

1

10
15
22
22
13
13
17

9
5
0
0
8
0
5

3
2

5
10

17
12

22
17

0
5

16

6

4
13
17
7

16
5
3
13

10

12

21
11
11

1
9
9

22
17
14
18

0
3
5
4

1
1

2
4
2
2

2
2

2
3
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2.4.2 Milking Practices
When asking about the milking routine, questions were included to understand the
steps done by farmers in the preparation of cows for the milking process. It has been long
established that teat preparation prior to milking, has the capability of reducing bacterial
counts, including mastitis causing bacteria (Galton et al., 1982; McKinnon et al., 1990;
Gibson et al., 2008). All the farms that answered the survey use both pre- and postmilking teat disinfectant during udder preparation. The majority of the farms, around
75% (15 participants), practice fore-stripping, and about 52.6% (10 participants) do dry
massage (Figure 2). Teat disinfectants are preferred in the form of dip by 78.26% of the
farmers, while the rest of the farms (21.74%) use it in the form of foam. Some of the
most used brands for teat disinfectants were Ecolab, Valiant, DeLaval, and IBA.
Segregation of cows has been proven to be an important practice to reduce and
control the dispersion of mastitis causing organisms like Staphylococcus aureus (Wilson
et al., 1995; Middleton et al., 2001). Some of the criteria used for segregation are fresh
and treated (mastitis) cows, high somatic cell count, sore feet, age, and lactation stage.
Around 61.9% (13 participants) of the farmers segregate their cows for milking and milk
those cows last during the milking routine (Table 2). During milking, the use of gloves
by employees is practiced by most (77.3%) of the farmers who responded to the survey.
Once the milk is collected, it is stored at a temperature between 34 and 40F (1 – 4C),
being 38F (3C) the most common, and storage time ranged between two and 48 hours,
with a daily pick up being the most common.
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Udder Preparation
Post-milking teat disinfectant

Pre-milking teat disinfectant

Fore strip

Dry massage
0

5
Yes

No

10

15

20

Skipped

Figure 2. Protocols used at the milking parlor before milking and their adoption by
farmers in Nebraska.

2.4.3 Housing Types and Conditions
Housing protects the animals from the harsh environment allowing them to focus
on milk production. Wood, steel, and hoop barns are the most common housing types
utilized by Nebraska farmers to hold their cows. Concrete, greenhouse roofs, and free
stalls are also used for this purpose.
Bedding material provides comfort to cows in dairy farms. Sand is an inorganic
bedding material that does not tend to promote the growth of pathogens. It increases the
cow’s lying time, helps prevent injury in their legs, reduces hock lesions, and helps with
the udders' cleanliness (LeJeune and Kauffman, 2005; Singh et al., 2020). Sand was the
primary choice for bedding among survey participants and is typically changed weekly
(13 participants). However, some farmers change it daily, twice a week, monthly, or as
needed depending on the season. Additionally, 22.7% of the farmers wash or clean the
sand and reuse it, adding new sand as necessary.
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However, there are still farms that use manure, sawdust, straw, and corn stalks for
bedding (Figure 3). Different types of bedding require bedding changes with different
frequencies. For example, corn stalks are changed once or twice a day, while manure may
be topped off every four days or once a week.

Bedding Type

Sand

Sawdust

Straw

Manure

Cornstalk

Figure 3. Bedding material used in animal housing by farmers in Nebraska.

Among the survey respondents, 45.5% of farmers recycle water (Table 2). For
those farmers who recycle water, the use of recycled water was mainly to flush the barn;
other uses include crop irrigation and using water from the plate heater exchanger system
to sprinkle cows before milking. The ventilation used in the housing area is commonly
natural, with fans during the summer and curtains during the winter season. Only two
farms use tunnel ventilation, which is recommended for the summer season, but not for
cold weather. The pens are usually cleaned once, twice, or three times a day, depending
on the climate.
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Regarding the feed offered to the animals, most farms change the feed's
formulation based on the veterinarian’s suggestions. This formulation change may
happen between two to 12 times a year, being monthly the most common. The main
ingredients used for feed formulation among respondents were corn (either dry, silage,
ground, or distillers), alfalfa hay, alfalfa haylage, soybean meal, sweet bran, cottonseed,
straw, and oatmeal; sometimes feed is supplemented with a protein blend or mineral mix.
The different formulations usually vary on each ingredient's percent to achieve the
animals' nutritional requirements.

2.4.4 Sanitation
Clean-in-place systems have become popular in the dairy industry due to the
advantages it offers. This automated cleaning and sanitation method allows for less
disassembly, and a faster and more consistent cleaning throughout the operations.
Additionally, automated systems allow the use of stronger chemical detergents and higher
temperatures (Moerman et al., 2014). Elmoslemany and colleagues (2010) showed that
manual cleaning of bulk tank constitutes a risk for high coliform counts and infrequent
acid wash poses a risk for elevated laboratory pasteurized count. The survey participants
indicated that they clean their bulk tanks daily or every two days, usually after every milk
pick up. All the farmers surveyed have protocols in place for cleaning and sanitizing the
milk lines and milking equipment, and these protocols are completed after every milking.
Among respondents, 77.3% of the farmers have protocols for cleaning and sanitizing the
teat cups (Table 2). Moreover, these teat cups are cleaned at the same time the lines and
milking equipment are cleaned as part of the same procedure.
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The milking parlor floor is cleaned between three to five times per shift, or as
needed. Soap, acid, and sanitizer are the three main steps used for cleaning and sanitation
of equipment. DeLaval, GEA, and IBA are some of the manufacturers of cleaners and
sanitizers used by the respondents.

2.4.5 Participation in Future Research and Records
When questions were asked about business practices, it was observed that raw
milk is sold under a contract by 45.5% of the farmers. Moreover, 95.5% of them receive a
premium price for low Somatic Cell Count (SCC), and 55% (11 participants) receive
premiums for low Total Plate Count (TPC) and low Laboratory Pasteurized Count (LPC)
(Figure 4). Additionally, all the farmers keep records associated to SCC, 85% (17
participants) keep records of TPC, and 73.7% (14 participants) of LPC (Table 2).
Around 72.7% of the farmers responding to the survey are willing to participate in
studies that aim to reduce sporeformers in milk and improve milk quality. Among
respondents, 81.8% said they would share their records related to SCC, TPC, and LPC
with researchers under confidentiality agreements. Regarding which practices they would
be willing to change, 80% (16 participants) would not change the bedding material, while
65% (13 participants) would not change their farm's towel method. However, 72.2% (13
participants) are willing to try a new CIP Protocol, and 85% (17 participants) are willing
to change the sanitizer used to wash their towels (Table 2).
.
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Premium for Milk Quality
Low Laboratory Pasteurized Count

Low Total Plate Count

Low Somatic Cell Count

0%
Yes

20%
No

40%

60%

80%

100%

Skipped

Figure 4. Premiums received by dairy farmers in Nebraska for milk quality.

2.4.6 Potential Interventions
After evaluating the questionnaire and speaking to the farmers, changes in the
sanitation protocols seemed to be an area that could be targeted when developing
interventions to reduce sporeformer populations. Hence, directing efforts towards
changes in teat sanitizers, clean-in-place chemicals, and detergents used for cleaning and
sanitizing towels, are the most convenient and favored places to implement changes to
improve raw milk quality by reducing sporeformer bacteria.

2.5 Conclusions
In summary, the absence of good management practices and cleaning and
sanitizing protocols can lead to decreased raw milk quality and shelf-life of dairy
products (Pankey, 1989; Meer et al., 1991). This survey shows acceptable management
practices in the majority of Nebraska’s dairy farms. However, there is still opportunities
for improvement in certain areas. One example would be the implementation of fore-
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stripping before milking by more farmers. The purpose of this procedure is to help
identify early clinical mastitis, eliminate milk from the teat canal that could have a higher
bacterial count, and stimulate milk let-down. This practice could improve raw milk's
overall quality at no cost.
Among the participants, there was significant diversity in management practices.
However, the farmers recognized cleaning and sanitizing as a standard and vital method
for protecting the quality of their products. Interventions chosen to be applied at farms
should consider specific sanitation and management practices and farmers willingness to
implement changes. Most likely interventions that could be favored by farmers would
include changes in teat sanitizer, clean-in-place chemicals, and detergents used for
cleaning and sanitizing towels.
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CHAPTER 3. IMPLEMENTATION OF FARM INTERVENTIONS AND THEIR
EFFICACY IN REDUCING SPOREFORMER POPULATIONS IN RAW MILK

3.1 Abstract
Bacillus and Paenibacillus are sporeforming bacteria with the ability to survive
the pasteurization process. These bacteria can produce enzymes that negatively affect the
quality of dairy products. Two major problems are associated with high levels of
sporeformers in raw milk: shelf-life reduction of fluid milk and market limitations for
milk powder (<500 and <1000 spores/g for mesophilic and thermophilic spores,
respectively). Therefore, the control of sporeformers is crucial to benefit the whole US
dairy industry. In this research, interventions were implemented at the farm to evaluate
their effectiveness in reducing mesophilic (MSC), thermophilic (TSC), and thermoresistant sporeformers (TRSC). In addition, milk quality was evaluated for each
intervention by Total Plate Count (TPC), Enterobacteriaceae (EB), Escherichia coli
(EC), coliforms (Coli), and shelf-life. A change in Clean-In-Place procedure (CIP),
bedding protocol using sand, sanitization of towels with bleach, and a different towel
material were implemented in a single farm. CIP, bedding protocol, and towels
sanitization showed a reduction in MSC, while in general insignificant changes in TSC
and TRSC, were observed. Regarding milk quality, some microbial groups responded
differently to the interventions. For example, EC and Coli decreased with sand protocol,
and EB decreased with the use of a different towel material. However, for the most part
quality parameters showed no statistical difference. Three different chlorine-based teat
sanitizers (I, II, and III) were tested at three different farms (A, B, and C). Overall,
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sanitizer I showed no statistical differences on spore counts, sanitizer II showed an
increased in spore counts, and sanitizer III showed a reduction in spore counts. In
general, milk quality showed different results. For example, for TPC sanitizer I showed a
decrease, sanitizer II showed no statistical differences (except increase in Farm C), and
sanitizer III showed an increase. From all interventions completed, only the intervention
of Sanitizer I in farm B showed a negative effect on the shelf-life analysis. In summary,
CIP, bedding protocol, and sanitizing protocol in towels are recommended to decrease
sporeformers in raw milk. A change in the fabric of towels does not affect or improve
microorganisms in raw milk. Finally, raw milk destined for fluid milk consumption can
benefit from the implementation of sanitizer I, while milk destined for powder can benefit
from sanitizer I and III. Sanitizer II is not recommended due to the adverse effect
observed in spore counts and milk quality. In conclusion, implementation of the changes
in farm management practices that led to reduced sporeformers in raw milk will benefit
the fluid milk industry by possibly extending shelf-life beyond 21 days and providing a
higher quality ingredient for milk powder destined to the export market.

3.2 Introduction
Sporeformer bacteria, such as Bacillus and Paenibacillus, are well known in the
dairy industry for their ability to survive high-temperature conditions including
pasteurization. As part of their growth metabolites, lipases and proteases can be
produced, affecting the quality of fluid milk (Meer et al., 1991). Therefore, scientists
have considered these strains as "problematic" for the fluid milk industry. Some strains
can grow under refrigeration temperatures, which seems to be the limiting factor for the
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shelf-life of fluid milk during storage (Huck et al., 2008; Ivy et al., 2012). A previous
investigation suggests that the prevalence of psychrotrophic sporeformers could be as
high as 63% for the Northeast region of the United States (Masiello et al., 2014), thus
potentially shortening the shelf-life of fluid milk to less than 21 days. Similar results have
been found in Nebraska, where, when evaluating the sporeformer bacterial populations of
four farms, 65% of the samples were contaminated with psychrotrophic sporeformers
(Martínez, 2016). Other dairy sectors, such as the milk powder industry, are also affected
by sporeformer bacteria, with concerns extending beyond the psychrotrophic strains.
For the dried milk powder industry, strains of sporeformer bacteria that have the
ability to grow at thermophilic temperatures (>55°C) are considered challenging.
Research shows that Bacillus licheniformis and Anoxybacillus flavithermus seem to be
the most prevalent mesophilic sporeformers in milk powder (Reginensi et al., 2011).
Additionally, international customers may require milk powder with less than 500
mesophilic spores per gram and less than 1000 thermophilic spores per gram. These
specifications challenge the industry by limiting their target market and affecting their
potential financial revenue. Therefore, reducing sporeforming bacteria in these dried
powders will give producers a competitive advantage in a growing international market
(Bienvenue, 2013).
Early studies have suggested that raw milk represents one of the main entry points
of these sporeformers bacteria into the fluid milk chain (Huck et al., 2007). In addition,
high populations of sporeforming bacteria have been identified in samples such as feed
concentrate, silage, bedding, manure, soil, wash water, clusters, teat cups, filter cloths,
among others, in the farm environment (Vaerewijck et al., 2001; Te Giffel et al., 2002;
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Scheldeman et al., 2006; Huck et al., 2008). These studies lead to the conclusion that the
primary sources of entry of sporeformers into the milk chain are located in the farm
environment. Indeed, a study evaluating four different farms across Nebraska suggested a
high prevalence of sporeformers in the farm environment, including the presence of
psychrotrophic strains (Martínez, 2016). These microorganisms seem to be associated
with areas and surfaces that come in close contact with the raw milk, such as cow's teats
and milking equipment. In fact, results also suggest that some of the strains found in the
final product, i.e., fluid milk, are indistinguishable by molecular methods from strains
found in those farm sampling points (i.e., cow's teats and milking equipment) (Martínez,
2016). These results show the importance of controlling those entry points at the farm to
achieve low spores (i.e., <1000 spores/g) in dried milk powder (Bienvenue, 2013). To
achieve this, good cleaning and sanitation procedures must be in place.
Previous researchers had demonstrated the efficacy of using moist towels with
soap, followed by a final dry towel patting, as a protocol for teat-cleaning when other
sporeformer bacteria, such as Clostridium spp., were the target (Magnusson et al., 2006).
Reports have suggested that the use of sand as bedding material and fore-strip before
milking (Miller et al., 2015) are promising and applicable techniques to decrease spore
counts at the farm level. Gibson et al. 2008 showed that using a teat disinfectant and
drying the cow's teats pre-milking was the most effective treatment to control total
microbial load on the udder. Other studies have shown that a pre-milking teat cleaning
program contributes to mastitis control (Pankey, 1989). Furthermore, it reduces the
microbial load on the cow's teats, which can result in reduced microbial levels in the raw
milk.
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However, potential re-contamination with sporeformers is still a problem due to
their ability to form biofilms in milking equipment and holding tanks. Crosscontamination with Bacillus and Paenibacillus spp. has often been observed within the
processing plant environment (Ranieri and Boor, 2009). The adhesive characteristics of
some sporeforming bacteria (i.e., Paenibacillus spp., B. stearothermophilus, B.
flavothermus, B. thermolevorans, B. coagulans, B. cereus, B. licheniformis, B. pumilus,
and B. subtilis) might contribute to their persistence in the processing environment (Faille
et al., 2001; Parkar et al., 2001). Changes in the Clean-In-Place procedures could be used
to effectively remove the biofilm present in dairy farm equipment, resulting in raw milk
production with low-spore counts. Therefore, interventions to eliminate biofilms from
milking equipment are also essential in producing milk with low spore counts. The main
goal of this study was to apply interventions at the farm, which would include changes in
protocols and changes in sanitation procedures, to decrease the spore counts in raw milk
leading to dairy products of superior quality.

3.3 Materials and Methods
3.3.1 Farm Recruitment
Three dairy farms were recruited for this study; they are referred here as farms A,
B, and C. Farms were included in this study based on owners' willingness to participate
and their location (i.e., within 80 miles of Lincoln, Nebraska). Herd size in these farms
ranged from 170 to 1,800 lactating cows. Treatments were chosen for each farm
depending on the farms' willingness to change each protocol. Six interventions were
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applied in Farm A, two interventions were applied in Farm B, and two interventions were
applied in Farm C. Table 1 shows the interventions applied at each farm.

Table 1. Application of interventions at farms.
Intervention

Farm A

Clean-In-Place

X

Bedding (Sand)

X

Farm B

Towel sanitizer

Farm C

X

Heavy-Duty towel

X

Teat Dip I

X

X

Teat Dip II

X

X

Teat Dip III

X

X

3.3.2 Interventions
Chemical Intervention for CIP System
The Clean-In-Place (CIP) system in farm A consisted of a two-step protocol that
used an acid detergent in the first step, followed by a sanitizer (sodium hypochlorite
solution). The new CIP system/intervention consisted of a three-step protocol described
as follows: the first step was the application of a detergent with a chlorine-stable
surfactant that was formulated specifically for dairy equipment, the second step was a
hydrogen peroxide-based adjuvant, and the third step was a sanitizer that possessed
antimicrobial activity against yeasts, molds, and bacteria.
Protocol Intervention for Bedding Material
The bedding protocol in farm A consisted of cleaning the sand twice a week as
follows: top sand is removed from the pens and washed with water while separating it
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from the solids, rocks, and feces, followed by sun-drying. After the sand is dried, it is
added to the pens to refill them. The proposed protocol for the intervention consisted of
removing the top portion of the used sand and replacing it with new clean sand twice a
week. This intervention was only applied to one pen, named here "Pen 3" of farm A. To
measure the effectiveness of this intervention, samples were collected randomly from
eight other pens to function as control, named here "Overall Farm". The same number of
samples was collected from Pen 3 and the overall farm.
Sanitation Protocol Intervention for Towels
In farm C the standard sanitation protocol consisted of washing the towels used to
clean the udder of the cows with a liquid detergent specifically formulated for dairy farm
use. This product cleans and softens the towel and does not require hot water or drying
the towels after washing. The proposed sanitation protocol in this intervention consisted
of adding bleach at 200 ppm to the farm's standard cleaning/washing protocol. The
sanitizer was added as part of the washing cycle with the liquid detergent.
Heavy-Duty Fabric Intervention for Towels
Farm A normally uses standard microfiber towels to clean the udder of the cows
before milking. For this intervention, standard microfiber towels were changed for a
heavy-duty microfiber towel. According to the manufacturer, these towels use less wash
water, detergent, and drying time than standard microfiber towels. In addition, they were
created to remove dead or alive bacteria and to improve the disinfectant efficacy.
Sanitizing Intervention for Cow's Teats
Three different chlorine-based teat sanitizers were tested, referred to as teat dip I,
teat dip II, and teat dip III. For the baseline data of these interventions, all farms (A, B,
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and C) were initially using an iodine solution as their teat sanitizer, which was then
changed to a specific chlorine-based teat sanitizer (teat dip I, II, or III).
Teat dip I is a chlorine-based teat sanitizer implemented in farms A and B. It is a
two-part product composed of a base and an activator, both in liquid form. According to
the manufacturer, the dual-based germicide is a broad-spectrum (bacteria, fungi, and
virus) sanitizer with anti-inflammatory properties. Claims regarding this dip include a 15second kill effect and a 5 log reduction in mastitis-causing pathogens. Additionally,
glycerin is present for teat conditioning. This teat dip was prepared following the
manufacturer's instructions presented in Table 2.

Table 2. Manufacturer's instructions for the preparation of teat dip I.
For 10 gallons
8 gallons of water
59 oz of Part A
116 oz of Part B
Complete with water to 10 gallon mark
Blend ingredients well and use within 2 days

After preparation, the product formulation contained a concentration of 1400 to 1800
ppm of stable chlorine dioxide, 5% of glycerin, 2% of secondary emollient package, 3% of
triple foaming action (TFA) blend, and 0.5% of lactic acid.
Teat dip II is a chlorine-based teat sanitizer implemented in farms A, B, and C. It
is a two-part product composed of a base and an activator, both in liquid form. Once
mixed, it contains a dual germicide system to protect from parlor to bedding. The
manufacturer claims it has been formulated to maintain healthy skin, have broad-
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spectrum (pathogens, molds, viruses), be sustainable and safe, and have a fast-killing
activity and effectiveness. This teat dip was prepared following the manufacturer's
instructions presented in Table 3.

Table 3. Manufacturer's instructions for the preparation of teat dip II.
For 55 gallons
55 gallons of the Base
192.5 oz of the activator
Mix using a mixing device recommended by the
representative. Solution will remain stable for seven days.
Discard solution after seven days and prepare a new solution.

The sanitizing teat dip base contained 2.3% of Lactic Acid, 1.6% of Linear Dodecyl
Benzene Sulfonic Acid, and 12.0% of an emollient system (lanolin and propylene
glycol). The activator contained 3.65% of a stabilized sodium salt of chlorous acid and
inert ingredients.
Teat dip III is a chlorine-based teat sanitizer that comes in the form of a tablet.
This teat dip was implemented in farm A. During this intervention, the sanitizer was
prepared following the manufacturer's instructions shown in Table 4 for regular strength.
Manufacturer's claims made about this sanitizing agent include a broad-spectrum control
of mastitis-causing bacteria, fungi, viruses, and spores, even in the presence of dirt and
manure. In addition, this product has been formulated to maintain a pH of 6.3 – 6.7
(almost neutral) regardless of its concentration, making it non-corrosive and nonirritating to the skin of animals and humans. It is also enriched with a conditioner to
soften and protect the skin and teats of cows.
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Table 4. Manufacturer's instructions for the preparation of teat dip III.
Teat Dip

Tablets per gallon

Regular Strength

2 tablets per gallon

Maximum Strength

3 tablets per gallon

After preparation, the sanitizing teat dip contained 50% of Sodium Dichloro-sTrizinetrione, 50% of inert ingredients, and 30% of available chlorine.

3.3.3 Research Design
A step-wise procedure and microbial analyses were used to determine the
effectiveness of farm interventions (Figure 1). The practice described under the Baseline
is the standard farm protocols, and the practice under Data Collection includes the
proposed protocol for each intervention. For each intervention, eight consecutive visits
were carried out to determine the sporeforming bacterial population prior to and then
again after the application of the interventions. Baseline data were collected from days
one through eight while the farm followed its standard protocols. New protocols
(intervention) were implemented from day nine until day 31. During the first two weeks
of the intervention, no samples were collected, as this was the period considered
necessary for acclimatization. Data was then collected from day 24 through day 31. The
effectiveness of the interventions was evaluated by collecting relevant environmental
samples prior to and after the application of interventions. Additionally, raw milk
samples were collected to evaluate the impact of the intervention on the general
microbiological quality of the milk and the levels of sporeformers. Figure 1 presents a
diagram that shows the different stages of this step-wise approach.
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Figure 1. Step-wise approach for applying interventions at the farms to reduce
sporeformers in raw milk.

3.3.4 Sample Collection
Environmental samples and raw milk samples were collected at each farm before
and after the intervention was implemented. For all interventions, swabs of the cows'
teats, swabs of the teat cups from the milking machine, and raw milk samples were
collected. Additional samples were collected depending upon the intervention as follows:
o CIP system: swabs from the inside of a pipe from the milking system, swabs
from the air valve pump, swabs from the milking meter, swabs from the hose
in the milking machine, and rinse water from the milking system after the acid
wash and/or the last rinse,
o Bedding protocol: sand from Pen 3, sand from pens representing the Overall
Farm, raw milk from cows from Pen 3, raw milk from cows from pens
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representing the Overall Farm, and rinse water from the milking system after
the acid wash and/or the last rinse,
o Heavy-duty towels and towel sanitizer: clean towels (after washed) and used
towels (towels used to clean the udder of the cows after application of teat
sanitizer),
o Teat Sanitizer I: rinse water from the milking system after the acid wash
and/or the last rinse; and
o Teat Sanitizer II: rinse water from the milking system after the acid wash
and/or the last rinse for farm A.
Samples were transported on ice from the farm to the Applied Food
Microbiology Research Laboratory at the Food Processing Center in the University of
Nebraska-Lincoln and analyzed within 24 hours of collection.

3.3.5 Microbial Analysis
Upon receiving the samples at the laboratory, microbial analysis was performed to
determine the microbial load associated with samples before and after each intervention.
Environmental samples were evaluated based upon their Mesophilic Spore Count (MSC),
Thermophilic Spore Counts (TSC), and Thermo-Resistant Spore Counts (TRSC). Raw
milk samples were evaluated for spores: MSC, TSC, TRSC, and Psychrotrophic Spore
Count (PSC). Additionally, the quality of raw milk was determined by Total Plate Count
(TPC), Escherichia coli (EC), Enterobacteriaceae (EB), Coliforms (Coli) counts, and
shelf-life.
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Spore Counts
To enumerate PSC, MSC, and TSC, a sub-sample of 150 mL from the collected
raw milk was transferred into a sterile Pyrex 250 mL screw-capped bottle. In the case of
solid environmental samples (i.e., sponges, sand, and towels), samples were diluted (1:10
w:w) in Butterfield's Phosphate Buffer (BPB) using filter stomacher bags. Diluted
samples were homogenized for 1 minute using a Stomacher (Stomacher Model 400
Circulator, Fisher Scientific), and 100 mL aliquots were transferred into Pyrex 250 mL
screw-capped bottles. Vegetative cells were killed by heating samples at 80 ± 1°C for 12
min, using a temperature-controlled water bath (TSSWB27, Thermo Fisher Scientific,
Newington NH) (Estrada-Anzueto, 2014). Samples were heat-treated in groups of six
based on sample similarities, and the temperature was closely measured using a digital
thermometer. Heat-treated samples were cooled immediately on ice and plated on
Standard Methods Agar (SMA) (BD Diagnostic Systems, Sparks, MD). Samples were
incubated at 6 ± 1°C for 7 to 10 days for PSC, at 32 ± 1°C for 48 ± 3 hours for MSC, and
at 55 ± 1°C for 48 ± 3 hours for TSC.
To evaluate samples for TRSC, a 5 mL aliquot of raw milk and 4 mL of
environmental sample (i.e., from stomacher bags) was transferred to a sterile 5 mL glass
ampule. Heat treatment was done at 106 ± 1°C for 30 minutes using a Pyrex 1L beaker
containing 500 mL of silicon oil (ThermoFisher Scientific, Germany) over a hot plate (cat
no. 11-100-49SH, Fisher Scientific, China). Like previous samples, after heat treatment,
ampules were cooled immediately on ice. Samples were plated on SMA containing 0.2%
of Potato Starch (Acros Organics, New Jersey, USA) and incubated at 55 ± °C for 48 ± 3
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hours. Figure 2 shows a diagram of the methodology used to enumerate PSC, MSC,
TSC, and TRSC.

Figure 2. Diagram of the procedure used for the enumeration of psychrotrophic,
mesophilic, thermophilic, and thermo-resistant spore counts.

Raw Milk Quality
Standard microbiological techniques were used to determine the quality of the
raw milk by quantifying total bacteria count (TPC), Enterobacteriaceae, generic E. coli,
and coliforms, as described in the Standard Methods for Examination of Dairy Products
(Wehr et al., 2004).
Shelf-life Analysis
A 50 mL heat-treated milk sample (80°C, 12 min) was stored at 6 ± 1°C, and
evaluated on days 1, 7, 14, and 21 by plating a sub-sample on SMA. Plates were
incubated at 32 ± 1°C for 48 ± 3 hours to allow for the enumeration of bacteria during the
shelf-life of the sample. Based on bacterial counts, samples were classified as containing
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either slow or fast grower sporeformers. The criteria used to separate the two groups was
the PMO standards, which indicate that pasteurized fluid milk should have counts lower
than 20,000 CFU/mL during the shelf-life of a product. Therefore, samples where
bacterial enumeration remained below 20,000 CFU/mL by the end of 21 days of storage
were called as containing "slow growers", while samples with counts exceeding the PMO
standard by 21 days were associated with the presence of "fast growers".

3.3.6 Statistical Analysis
For each intervention, at each sampling day, at least six samples were collected to
represent each type of surface or environmental material of interest. Additionally, at least
three samples of raw milk and two rinse water samples, when included as part of the
intervention, were collected at each farm visit. At the laboratory, all samples were plated
in duplicate.
To determine the efficacy of each intervention, an ANOVA was performed to
compare the baseline data with the data collected during the intervention period using
SAS® software version 9.4 (SAS Institute, Cary, NC, USA). All statistical data were
analyzed with a significance level of p ≤ 0.05. In addition, R statistical software (Vienna,
Austria) was used to create a forest plot as a visual representation of Mesophilic,
Thermophilic, and Thermo-Resistant Spore Counts in Milk.
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3.4 Results and Discussion
3.4.1 Chemical Intervention for CIP System
The milking parlor equipment requires cleaning and sanitation via a Clean-inPlace (CIP) system. At farm A, an improved protocol was implemented to evaluate its
ability to remove sporeformer bacteria from the milking equipment. Hence, the sampling
points were chosen based on locations where, from experience, bacteria are commonly
found. Table 5 summarizes the average spore counts for this intervention.
Among the environmental samples collected, MSC results showed that microbial
contamination, on average, is higher in the hoses when compared to the meters; and the
amount of bacteria found in the air valve pump and inside the pipes remained under the
limit of detection of the method (1 CFU/mL). Similar results were observed for TSC;
however, the average values were lower than those observed for MSC.
When the intervention effect was evaluated, results did not show significant
differences between protocols on MSC levels in the rinse water, air valve pump, and
inside the pipes. However, the MSC on hoses, meters, and the raw milk samples, were
statistically lower due to the intervention. The TSC data showed significantly lower
counts in the rinse water and the raw milk samples, indicating a limited effectiveness of
the new protocol in reducing this type of spore count.
Many sampling points remained under the limit of detection of the method (1
CFU/mL). Nonetheless, for those sampling points where enumeration was possible, a
lower amount of sporeformers concentration was observed for MSC and TSC after the
new protocol was implemented, indicating that a combined effect of small (and not
necessarily statistically different) reductions in sporeformers resulted in improved raw
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milk quality regarding sporeformers. A 0.30 and 0.17 log CFU/mL reduction in MSC and
TSC, respectively, in raw milk, was achieved with the new protocol.

Table 5. Spore counts on raw milk and environmental samples collected during the evaluation of an improved chemical clean-in-place
protocol applied to farm A.
Mesophiles
Intervention

Chemical
CIP

Farm

Sample

Thermophiles

Thermo-Resistant

Before

After

Before

After

Before

After

Raw Milk

0.89a ± 0.37
n = 23

0.59b ± 0.41
n = 24

0.18a ± 0.26
n = 24

0.01b ± 0.06
n = 24

ND

ND

Meter

0.62a ± 0.80
n = 47

0.32b ± 0.51
n = 47

< LOD
n = 48

< LOD
n = 48

ND

ND

Hose

1.08a ± 0.77
n = 45

0.63b ± 0.60
n = 45

0.20 ± 0.43
n = 45

< LOD
n = 45

ND

ND

Water

0.87a ± 1.05
n = 16

0.50a ± 0.56
n = 16

< LOD
n = 16

< LOD
n = 16

ND

ND

Air Valve

0.45a ± 0.63
n=8

< LOD
n=8

< LOD
n=8

< LOD
n=8

ND

ND

Pipe

0.17 ± 0.48
n = 16

< LOD
n = 16

< LOD
n = 16

< LOD
n = 16

ND

ND

A

Spore counts are presented as Mean ± Standard Deviation. n = number of samples; ND = No Data; Same letters for "before" and
"after" on each sample type indicate a non-significant difference with p ≤ 0.05. LOD = Limit of Detection.
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To evaluate the quality of the raw milk before and after the intervention, TPC,
EB, E. coli, and coliform counts were assessed. Figure 3 shows the results for the raw
milk quality parameters before and after the improved CIP protocol was implemented.
Results did not show a significant difference for TPC and E. coli counts before and after
the improved CIP protocol was implemented with counts at 2.86 and 0.30 log CFU/mL,
respectively. However, bacterial counts for EB and coliform were significantly higher
after the intervention. EB and coliforms increased about 0.53 and 0.56 log CFU/mL,
respectively under the new protocol was implemented.

log CFU/mL

Raw Milk Quality with CIP Protocol
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

a

a

b

b

a

a
a

a
TPC

EB

EC

Coli

Before After
n = 24 n = 17

Figure 3. Results for the raw milk quality parameters before and after the improved
Clean-In-Place protocol was implemented. Total Plate Count (TPC), Enterobacteriaceae
(EB), Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined
for both protocols. Before is data under the farm's original protocol, and after is the data
collected under the improved CIP protocol. "n" is the minimum number of samples
collected during sampling weeks. The same letters in the graph for before and after for a
microbial group indicate no significant difference with p ≤ 0.05.
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Psychrotrophic spore counts (PSC) were determined in raw milk samples before
and after the intervention, with the standard protocol showing only 2 out of 24 samples
with counts less than 5 CFU/mL and non-detectable levels observed with the new CIP
protocol. The level of detection (LOD) of the method was 1 CFU/mL. Nonetheless,
evaluation of the shelf-life of the heat-treated samples indicated that psychrotrophic
sporeformers were present in samples before and after the new CIP protocol as bacterial
counts over the storage time increased for some samples.
Shelf-life analysis showed that some samples had organisms that grew slowly
during storage, while others grew fast under refrigeration. The criteria used to classify
samples as containing slow or fast growers (low and high spore counts, respectively)
were based on the PMO standards, which indicate that pasteurized fluid milk should have
counts lower than 20,000 CFU/mL during the shelf-life of a product. Therefore, samples
containing no sporeformers or slow growers would more likely have bacterial counts
remaining under the PMO limit for the 21 days of storage.
Based on the data shown in Figure 4, this intervention seems to improve milk
quality related to psychrotrophic sporeformers as fewer samples spoiled by 21 days after
the intervention (54.5% vs 66.7%). However, the statistical analysis showed no
significant difference between before and after the protocol was implemented regarding
the shelf-life of heat-treated milk (p = 0.4001).
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Shelf-Life of Heat-Treated Raw Milk with CIP
Protocol
log CFU/mL

8.00
6.00
4.00
2.00
0.00
0

7
14
Storage Days under Refrigeration (6°C)
Slow Before
33.3%

Fast Before
66.7%

Slow After
45.5%

21
Fast After
54.5%

Figure 4. Bacterial counts for heat-treated milk stored under refrigeration for 21 days as
part of the improved CIP protocol. n = 24 for milk samples collected before the
implementation of the improved CIP protocol. n = 22 for samples collected after new
protocol implementation.

Sanitation protocols are being studied around the world in efforts to reduce
biofilm formation in dairy equipment. Protocols used for cleaning milking equipment are
crucial to maintaining control over pathogenic and spoilage microorganisms. Hence,
finding methods that successfully remove biofilms or prevent their formation at the farm
would benefit the dairy industry (Flint et al., 1997; Ostrov et al., 2016). The CIP protocol
implemented in this study contained a third chemical in addition to the standard two-step
protocol. This chemical's capacity as an oxidizing agent helps break down biofilm layers
in milking systems by cleaning fat and protein soils in a timely manner and at lower
temperatures. Other claims associated with this product are that it provides a 50%
reduction in CIP energy usage, promotes worker safety by using lower temperatures, and
provides positive environmental implications by reducing CO2 emissions by half.
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Additionally, the manufacturer claims that it reduces thermal shock by the use of lower
temperatures, which helps control cracks in pipes and equipment where microorganisms
may become established, thereby promoting quality assurance and food safety. This
protocol, usually implemented at processing plants, was effective in reducing
sporeformers. Therefore, adopting this protocol at the farm is recommended to further
lower the counts of sporeformers.

3.4.2 Protocol Intervention for Bedding Material
In farm A the standard bedding protocol of recycling the sand was changed to a
new one where old sand was discarded, and new sand was added to the pens twice a
week. Environmental sampling points included sand, swabs of cow's teats, swabs of teat
cups, and rinse water. Raw milk samples were also collected to evaluate this intervention.
Because new sand was only added to pen 3, environmental samples and raw milk
samples were collected from cows in pen 3 and also from cows in eight other pens in the
farm to represent the "overall farm".
When the intervention effect was evaluated (Table 6), results showed no
significant difference between the raw milk collected from cows in pen 3 and the rest of
the herd regarding PSC, MSC, TSC, and TRSC before the intervention was applied. This
indicates that the dairy cows in pen 3 properly represent the herd and the levels of
sporeformers in raw milk on this farm.
Among the environmental samples, before the intervention, MSC results showed
that microbial contamination was higher in the sand (4.89 log CFU/mL) than in the teats
and teat cups. Similar results were observed for TSC and TRSC; however, the average
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values overall were lower. In the sand, the levels of TSC were around 4.18 log CFU/mL;
while for TRSC, the levels were around 1.53 log CFU/mL.
The new sand protocol led to a significant reduction in TSC and TRSC in the sand
when sporeformer counts in Pen 3 were compared to the overall farm after the protocol
was implemented. However, the levels of MSC were unchanged. Nonetheless, the levels
of MSC in the cow's teats and teat cups were significantly reduced with the new protocol,
with a 0.35 and 0.21 log CFU/mL reduction, respectively. Indeed, all these are reflected
in the raw milk, with milk from pen 3 showing a significant lower level of MSC after the
intervention was implemented.
Similarly, the levels of TSC for the cow's teats and teat cups was significantly
reduced by the intervention by 0.61 and 0.49 log CFU/mL, respectively. Also, the cow's
teats showed a reduction of 0.17 log CFU/mL regarding TRSC.

Table 6. Spore counts on raw milk and environmental samples collected during the evaluation of an improved bedding material
protocol applied to farm A.
Mesophiles
Intervention

Bedding
Material

Farm

A

Sample

Before
a

After
b

Thermophiles

Thermo-Resistant

Before

After

Before

After

Raw Milk
Overall Farm

0.81 ± 0.35
n = 18

0.51 ± 0.38
n = 24

< LOD
n = 18

< LOD
n = 24

< LOD
n = 24

< LOD
n = 24

Raw Milk Pen 3

0.64ab ± 0.33 0.19c ± 0.25
n = 24
n = 24

< LOD
n = 21

< LOD
n = 24

< LOD
n = 24

< LOD
n = 24

Teats Pen 3

2.97a ± 0.39
n = 48

2.61b ± 0.46
n = 48

2.40a ± 0.63
n = 48

1.79b ± 0.62
n = 48

< LOD
n = 24

< LOD
n = 24

Teat cups

2.60a ± 0.43
n = 48

2.39b ± 0.43
n = 48

1.98a ± 0.56
n = 48

1.49b ± 0.65
n = 48

0.11a ± 0.22
n = 47

0.04a ± 0.13
n = 24

Sand OF

4.74b ± 0.19 4.61cd ± 0.14
n = 35
n = 40

4.00b ± 0.25
n = 35

3.89b ± 0.12
n = 40

1.65a ± 0.20
n = 29

1.54a ± 0.27
n = 24

Sand P3

4.89a ± 0.13
n = 35

4.57d ± 0.15
n = 40

4.18a ± 0.29
n = 35

3.43c ± 0.23
n = 40

1.53a ± 0.40
n = 26

0.98b ± 0.38
n = 24

Water

0.69a ± 0.70
n = 16

0.42a ± 0.54
n = 15

0.00a ± 0.00
n = 16

0.13b ± 0.25
n = 16

0.02a ± 0.08
n = 13

0.02a ± 0.08
n = 14

Spore counts are presented as Mean ± Standard Deviation. n = number of samples; Same letters for "before" and "after" on each
sample type indicate a non-significant difference with p ≤ 0.05. LOD = Limit of Detection.
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TPC, EB, E. coli, and coliform counts were determined to evaluate the quality of
the raw milk samples under both protocols. Statistical analysis showed (Figure 5) that
there was no significant difference in TPC and coliforms in raw milk samples before and
after the intervention. EB counts were statistically higher in the milk from pen 3 with the
new protocol by an average increase of 0.10 log CFU/mL. E. coli counts were
significantly reduced in raw milk after the intervention was implemented.

Raw Milk Quality with the Bedding Protocol
6.00

log CFU/mL

a
4.00

a

a

5.00

a

a

a a

b

a
bc

3.00

a b

a
b

a a

2.00
1.00
0.00

TPC
Before Overall Farm
n = 10 (TPC)

EB
After Overall Farm
n = 24

EC
Before Pen 3
n = 11 (TPC)

Coliforms
After Pen 3
n = 24

Figure 5. Results for the raw milk quality parameters before and after the new bedding
protocol was implemented. Total Plate Count (TPC), Enterobacteriaceae (EB),
Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined for both
protocols. Before is data under the farm's original protocol, and after is the data collected
under the new bedding protocol. "n" is the minimum number of samples collected during
sampling weeks. The same letters in the graph for before and after for a microbial group
indicate no significant difference with p ≤ 0.05.

Psychrotrophic spore counts were determined in raw milk under both protocols
for overall farm and pen 3 milk. However, in all instances, the counts were below the

88
limit of detection of the method (1 CFU/mL). Nonetheless, evaluation of the shelf-life of
the heat-treated raw milk samples indicated that psychrotrophic sporeformers were
present as the bacterial counts over the storage time indeed increased for some samples.
The shelf-life of milk from the overall farm was observed during both periods
associated with the intervention: before and after. The main reason was to monitor the
overall quality of the milk at the farm during both periods, to account for environmental
factors beyond the control of this intervention. For the period after the intervention was
applied, in the overall farm, 19 out of 24 samples (79.2%) contained slow growers (≤
20,000 CFU/mL) over the tested period, with the remaining samples (20.8%) containing
fast growers (≥ 20,000 CFU/mL) (Figure 6). Comparatively, in pen 3 after the
intervention, 20 out of 24 samples (83.3%) showed the presence of slow growers over the
21 days, while the remaining samples (16.7%) contained fast growers (Figure 7). Even
though numerically the number of samples spoiled by the end of 21 days was reduced in
pen 3 after the intervention, statistical analysis did not show a significant difference (p ≥
0.05) in the rate of spoilage between the overall farm and pen 3.
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Figure 6. Bacterial counts for heat-treated milk stored under refrigeration for 21 days as
part of the new bedding protocol in the overall farm. n = 24 for milk samples collected
before the implementation of the new bedding protocol. n = 24 for samples collected
after new protocol implementation.
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Figure 7. Bacterial counts for heat-treated milk stored under refrigeration for 21 days as
part of the new bedding protocol in Pen 3. n = 24 for milk samples collected before the
implementation of the new bedding protocol. n = 24 for samples collected after new
protocol implementation.
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Sand is preferred as a bedding material because it does not support the growth of
bacteria, and it is associated with lower somatic cell counts in bulk tank milk (Godden et
al., 2008; Murphy et al., 2019). In fact, Rowbotham and Ruegg (2016) found that new
sand correlates with lower numbers of gram-negative bacteria, reducing the risk of
mastitis-causing pathogens. Additionally, it has been found that sand improves hoof
health and cleanliness while reducing the presence of E. coli compared to other bedding
materials (e.g., straw) (Westphal et al., 2011; Singh et al., 2020). The results in this study
concur with Rowbotham's findings, as a reduction of E. coli was observed with the use of
new sand as bedding. Reductions of sporeformers in both teats and sand were reflected in
the raw milk, which was of higher quality. Based on the data collected in this study, the
use of sand as a bedding material and the complete replacement of the dirty portion with
new and clean sand is recommended as a method to lower sporeformers in raw milk.

3.4.3 Sanitation Protocol Intervention for Towels
In farm C, the standard protocol used to wash reusable towels was improved to
include a sanitizing step. The new protocol consisted of adding bleach at 200 ppm to the
farm's original protocol. Results obtained for this intervention are summarized in Table
7. Among the environmental samples collected before the intervention, results showed
that MSC levels are higher in the towels, both used and clean (4.82 log CFU/mL and 3.75
log CFU/mL, respectively). However, the teats and teat cups also have a considerable
amount of sporeformers, with averages of 3.37 log CFU/mL and 3.06 log CFU/mL,
respectively. Similar results were observed for levels of TSC and TRSC among
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environmental samples, with TSC average values (2.26 – 4.36 log CFU/mL) similar for
MSC, while TRSC were enumerated at lower levels (0.58 – 1.67 log CFU/mL).
The addition of 200 ppm of bleach to the towel's cleaning protocol did not
significantly reduce the levels of MSC in the cow's teats and teat cups. However, a
significant difference was observed in raw milk, used towels, and clean towels. In those
samples, MSC was significantly reduced by 0.23 log CFU/mL, 0.31 log CFU/mL, and
0.37 log CFU/mL, respectively.
For TSC, contamination levels in teat cups did not significantly differ with the
new protocol. However, a significant lower contamination with TSC in used towels,
clean towels, and cow's teats was observed upon implementation of the use of bleach on
towels. In those environmental samples, the change in protocol reduced sporeformers by
0.45 log CFU/mL, 0.80 log CFU/mL, and 0.52 log CFU/mL, respectively. Similar results
were observed for TRSC, where no significant difference was observed for teat cups.
However, significant reductions on the levels of TRSC were observed on used towels,
and cow's teats, with reductions of 1.02, and 0.72 log CFU/mL, respectively. The clean
towels spore counts after the intervention remained under the limit of detection of the
method (10 CFU/mL).

Table 7. Spore counts on raw milk and environmental samples collected during the evaluation of an improved sanitation protocol for
the towels applied in farm C.
Mesophiles
Intervention

Farm

Sample

Before
a

Towel’s
Sanitation

C

After
b

Thermophiles
Before
a

After

Thermo-Resistant
Before
a

After

Raw milk

0.59 ± 0.36
n = 24

0.36 ± 0.28
n = 24

0.00 ± 0.00
n = 24

< LOD
n = 24

0.00 ± 0.00
n = 24

< LOD
n = 24

Clean towels

3.75a ± 0.16
n = 40

3.38b ± 0.23
n = 40

3.22a ± 0.42
n = 40

2.43b ± 0.61
n = 40

0.63a ± 0.82
n = 40

< LOD
n = 24

Used towels

4.82a ± 0.34
n = 40

4.51b ± 0.42
n = 40

4.36a ± 0.38
n = 40

3.92b ± 0.53
n = 40

1.67a ± 1.24
n = 40

0.65b ± 0.90
n = 40

Teats

3.37a ± 0.24
n = 48

3.27a ± 0.34
n = 48

3.03a ± 0.57
n = 48

2.51b ± 0.72
n = 48

0.88a ± 0.83
n = 48

0.16b ± 0.45
n = 48

Teat cups

3.06a ± 0.47
n = 48

3.11a ± 0.32
n = 48

2.26a ± 0.74
n = 48

2.13a ± 0.80
n = 48

0.58a ± 0.84
n = 48

0.43a ± 0.68
n = 48

Spore counts are presented as Mean ± Standard Deviation. n = number of samples; Same letters for "before" and "after" on each
sample type indicate a non-significant difference with p ≤ 0.05. LOD = limit of detection.
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To evaluate the quality of the raw milk under both protocols, TPC, EB, EC and
Coliform counts were determined (Figure 8). Statistical analysis indicated no difference
in the quality parameters due to the new sanitation protocol, with final average counts at
4.28, 2.25, 1.33, and 2.26 log CFU/mL for TPC, EB, EC and Coli, respectively.
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Raw Milk Quality with Towel Sanitation Protocol
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Figure 8. Results for the raw milk quality parameters before and after the towel sanitation
protocol was implemented. Total Plate Count (TPC), Enterobacteriaceae (EB),
Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined for both
protocols. Before is data under the farm's original protocol, and after is the data collected
under the new sanitation protocol. "n" is the minimum number of samples collected
during sampling weeks. The same letters in the graph for before and after for a microbial
group indicate no significant difference with p ≤ 0.05.

The levels of PSC in heat-treated milk were below the limit of detection of the
method (1 CFU/mL) for all samples. Nonetheless, evaluation of the shelf-life of the heattreated milk showed an increase of bacterial counts over 21 days, indicating the presence
of sporeformers in the raw milk. Under both protocols, 18 out of 24 samples (75.0%)
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contained slow growers (≤ 20,000 CFU/mL) over the storage period. The remaining
samples (25.0%) were associated with fast growers (≥ 20,000 CFU/mL), indicating the
presence of psychrotrophic sporeformers (Figure 9). Hence, no statistical differences
were observed between protocols on the quality of heat-treated milk under storage.
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Figure 9. Bacterial counts for heat-treated milk stored under refrigeration for 21 days as
part of the new towel sanitation protocol. n = 24 for milk samples collected before the
implementation of the new sanitation protocol. n = 24 for samples collected after new
protocol implementation.

Bleach has been proven to be an effective disinfectant, and the addition of bleach
at a concentration of 200 ppm in this study was shown to be an effective method to
reduce sporeformers in raw milk. Evanowski (2020) found that Clorox bleach at 200
ppm, in combination with employee training focused on teat cleaning, leads to a
reduction in sporeformers in bulk tank raw milk. These results concur with the results
presented in this study, where a decrease in MSC, TSC, and TRSC is observed in most
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samples (towels, teats, and raw milk). Therefore, the addition of bleach to the towel's
washing protocol should be recommended to lower the number of sporeformers in raw
milk.

3.4.4 Heavy-Duty Material Intervention for Towels
In farm A standard reusable microfiber towels are used, and during this
intervention a heavy-duty microfiber towel was tested to evaluate its effect in assisting to
physically remove sporeformers from cow's teats. Table 8 summarizes the data for this
intervention for raw milk and environmental samples. In general, prior to the intervention
results showed that microbial contamination is higher in the used towels (after cleaning
the cow teats), with averages around 3.96 log CFU/mL, followed by the cow's teats, teat
cups, and clean towels. Similar results were observed for TSC and TRSC in the
environmental samples, with TSC average values (2.08 – 3.43 log CFU/mL) similar to
MSC, while TRSC were quantified at slightly lower levels (1.33 – 2.10 log CFU/mL).
When the effect of new towels was evaluated, results indicated no difference for
MSC in most environmental samples (used towels, teats, and teat cups), which was
reflected in a lack of difference for the sporeformers in raw milk. TSC results were
similar, with no significant difference observed in clean towels and used towels, which
may have contributed to no differences observed in the raw milk. However, significant
differences were observed on the levels of TRSC in all environmental samples (clean
towels, used towels, teats, and teat cups), indicating that the spore counts were higher
after the intervention was applied.

Table 8. Spore counts on raw milk and environmental samples collected during the evaluation of the implementation of heavy-duty
towels applied in farm A.
Mesophiles
Intervention

Farm

Sample

Before
a

Heavy-duty
Towels

A

Thermophiles

After
a

Before
a

After
a

Thermo-Resistant
Before

After

Raw Milk

0.56 ± 0.33
n = 24

0.61 ± 0.40
n = 24

0.16 ± 0.23
n = 24

0.14 ± 0.27
n = 24

< LOD
n = 23

< LOD
n = 24

Clean towels

2.46a ± 0.30
n = 40

2.31b ± 0.34
n = 40

2.08a ± 0.37
n = 40

2.19a ± 0.33
n = 40

1.33a ± 0.54
n = 40

1.70b ± 0.39
n = 40

Used towels

3.96a ± 0.28
n = 40

3.99a ± 0.29
n = 40

3.43a ± 0.42
n = 40

3.40a ± 0.47
n = 40

2.10a ± 0.37
n = 40

2.58b ± 0.40
n = 40

Teats

3.15a ± 0.39
n = 48

3.26a ± 0.24
n = 48

2.95a ± 0.37
n = 48

3.18b ± 0.33
n = 48

1.73a ± 0.45
n = 48

2.36b ± 0.27
n = 48

Teat cups

3.09a ± 0.36
n = 48

3.13a ± 0.28
n = 48

2.85a ± 0.35
n = 48

3.14b ± 0.33
n = 48

1.80a ± 0.45
n = 48

2.39b ± 0.32
n = 48

Spore counts are presented as Mean ± Standard Deviation. n = number of samples; ND = No Data; Same letters for "before" and
"after" on each sample type indicate a non-significant difference with p ≤ 0.05. LOD = Limit of Detection.

96

97
Raw milk quality for samples collected under both protocols for towels was
evaluated by TPC, EB, EC, and coliform counts (Figure 10). When the statistical
analysis was performed to determine the effect of the intervention, the levels of TPC,
coliforms, and E. coli did not show any significant differences between the two towel
materials. However, EB levels were significantly reduced after the intervention by 0.75
log CFU/mL, with a final average of 2.12 log CFU/mL.
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Figure 10. Results for the raw milk quality parameters before and after the heavy-duty
towels were implemented. Total Plate Count (TPC), Enterobacteriaceae (EB),
Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined for both
protocols. Before is data under the farm's original protocol, and after is the data collected
under the new towels protocol. "n" is the minimum number of samples collected during
sampling weeks. The same letters in the graph for before and after for a microbial group
indicate no significant difference with p ≤ 0.05.
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Enumeration of PSC in heat-treated milk indicated levels below the limit of
detection of the method (1 CFU/mL) for all samples. When data from shelf-life
evaluation was considered, with the standard towels 18 out of 24 samples contained slow
growers and 6 samples showed the presence of fast growers, indicating the presence of
psychrotrophic sporeformers. With the new towels, similar results were observed where
16 out of 24 samples had bacterial counts ≤ 20,000 CFU/mL over the 21 days of storage,
while the remaining samples showed bacterial counts higher than 20,000 CFU/mL by day
21 (Figure 11).
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Figure 11. Bacterial counts for heat-treated milk stored under refrigeration for 21 days as
part of the implementation of new heavy-duty towels. n = 24 for milk samples collected
before the implementation of the new towels protocol. n = 24 for samples collected after
new protocol implementation.
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The manufacturers of heavy-duty towel tested in this intervention claims that
these towels use less wash water, detergent, and drying time than other fabrics, in
addition to help with soil and, potentially, microorganisms from surfaces. Although this
study did not show a statistical difference, the levels of MSC were lower in the heavyduty towels when compared to the regular ones; while the used heavy-duty towels had a
higher level of MSC associated with them when compared to the control. These results
could suggest that for MSC, the heavy-duty towels remove better the microorganisms
from cow's teats than standard microfiber towels, and during washing, these
microorganisms are dislodged from the towels more efficiently. Also, an increase in
TRSC and TSC was observed for most environmental samples. Nevertheless, no
statistical differences were observed in the levels of sporeformers associated with the raw
milk, suggesting that either type of fabric could be used without affecting the quality of
the raw milk.

3.4.5 Sanitizing Intervention to Cow's Teats
3.4.5.1 Teat Dip I
In farms A and B, the standard sanitizer used to disinfect cow's teats under normal
management practices is an iodine-based teat dip. During this intervention, the sanitizer
was changed to a chlorine-based teat dip to evaluate its effect on sporeformer
populations. Table 9 summarizes the data for this intervention for raw milk and
environmental samples.
Among the environmental samples collected, before the intervention was applied,
MSC results showed that microbial contamination was higher in the cows' teats than
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other environmental samples, with averages around 3.32 and 3.92 log CFU/mL in farms
A and B, respectively. For the levels of TSC and TRSC, similar results were observed,
with average values being lower for TRSC (0.96 and 2.03 log CFU/mL), than for TSC
(2.73 and 3.36 log CFU/mL) for farms A and B, respectively.
When the effect of the intervention was evaluated among the environmental
samples collected, results showed no statistical differences for the levels of MSC in the
swabs of cow's teats, swabs of teat cups, and rinse water between the two teat dips in
either farm. When the levels of TSC were assessed, the only statistical differences
observed were an increase of 0.30 log CFU/mL in the teat cups at farm A and an increase
of 0.09 log CFU/mL in the swabs of cow's teats with the use of the new sanitizer
(chlorine-based). In addition, the swabs of cow's teats from farm B were the only ones to
show a statistical significance on the levels of TRSC, increasing by 0.29 log CFU/mL
after the intervention was implemented.
When raw milk samples were evaluated, it was observed that the levels of MSC
were reduced by 0.19 log CFU/mL only at farm B with the new chlorine-based teat
sanitizer. Results did not show a significant statistical difference between the two teat
sanitizers in the levels of TSC and TRSC in any farm.

Table 9. Spore counts on raw milk and environmental samples collected during the evaluation of an improved protocol for sanitizing
cow's teats using teat dip I in farms A and B.
Mesophiles
Intervention

Farm

Thermophiles

Thermo-Resistant

Before

After

Before

After

Before

After

Raw milk

0.71a ± 0.40
n = 21

0.99a ± 0.56
n = 24

0.17a ± 0.45
n = 21

0.22a ± 0.27
n = 24

0.15a ± 0.29
n = 17

0.11a ± 0.20
n = 21

Teats

3.32a ± 0.32
n = 42

3.32a ± 0.32
n = 48

2.73a ± 0.36
n = 42

2.76a ± 0.36
n = 48

0.96a ± 0.85
n = 42

1.06a ± 0.75
n = 48

Teat cups

3.12a ± 0.38
n = 42

3.24a ± 0.29
n = 48

2.40a ± 0.44
n = 42

2.70b ± 0.32
n = 48

0.86a ± 0.81
n = 42

0.82a ± 0.72
n = 47

Water

0.72a ± 0.79
n = 12

0.78a ± 0.80
n = 16

0.41a ± 0.54
n = 12

0.20a ± 0.40
n = 16

0.25a ± 0.47
n = 10

0.05a ± 0.14
n = 16

Raw milk

0.63a ± 0.26
n = 24

0.44b ± 0.32
n = 24

0.28a ± 0.25
n = 24

0.27a ± 0.28
n = 24

< LOD
n = 24

0.00a ± 0.00
n = 22

Teats

3.92a ± 0.25
n = 45

3.84a ± 0.23
n = 48

3.36a ± 0.16
n = 48

3.45b ± 0.21
n = 48

2.03a ± 0.37
n = 32

2.32b ± 0.36
n = 28

Teat cups

3.75a ± 0.29
n = 45

3.63a ± 0.33
n = 48

3.32a ± 0.24
n = 48

3.23a ± 0.30
n = 48

2.03a ± 0.36
n = 37

2.06a ± 0.34
n = 36

Water

0.19a ± 0.46
n = 14

0.07a ± 0.19
n = 16

0.21a ± 0.29
n = 14

0.19a ± 0.21
n = 16

0.02a ± 0.08
n = 14

0.00a ± 0.00
n = 14

Sample

A

Teat Dip I

B

Spore counts are presented as Mean ± Standard Deviation. n = number of samples; Same letters for "before" and "after" on each
sample type indicate a non-significant difference with p ≤ 0.05. LOD = Limit of Detection.
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To evaluate the quality of the raw milk before and after the intervention, TPC,
EB, EC, and coliform counts were assessed in both farms (Figure 12 and Figure 13).
When the statistical analysis was performed, it was observed that the TPC was
significantly reduced with the new chlorine-based teat sanitizer, with farm A being
reduced by 0.38 log CFU/mL and farm B being reduced by 0.26 log CFU/mL. When EB
and coliform counts were evaluated, the only statistical differences observed were a
reduction of 0.72 log CFU/mL in EB counts in farm A and an increase of 0.53 log
CFU/mL in coliform counts at farm B with the implementation of the new sanitizer. In
addition, results showed that EC average counts, although statistically insignificant, were
slightly higher in both farms after the intervention was implemented.
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Figure 12. Results for the raw milk quality parameters before and after the teat dip I in
farm A was implemented. Total Plate Count (TPC), Enterobacteriaceae (EB),
Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined for both
protocols. Before is data under the farm's original protocol, and after is the data collected
under the new chlorine-based teat sanitizer. "n" is the minimum number of samples
collected during sampling weeks. The same letters in the graph for before and after for a
microbial group indicate no significant difference with p ≤ 0.05.
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Raw Milk Quality with Teat Dip I in Farm B
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Figure 13. Results for the raw milk quality parameters before and after the teat dip I in
farm B was implemented. Total Plate Count (TPC), Enterobacteriaceae (EB),
Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined for both
protocols. Before is data under the farm's original protocol, and after is the data collected
under the new chlorine-based teat sanitizer. "n" is the minimum number of samples
collected during sampling weeks. The same letters in the graph for before and after for a
microbial group indicate no significant difference with p ≤ 0.05.

In farm B, enumeration of PSC in heat-treated milk was below the limit of
detection of the method (1 CFU/mL) for all milk samples before and after the
intervention was applied (with both sanitizers). However, the results of the shelf-life
analysis of heat-treated milk samples stored under refrigeration for 21 days indicated that
psychrotrophic sporeformers were present as the bacterial counts did increase for some
samples over the storage time. Specifically, with the iodine-based teat sanitizer (before
the intervention), 22 out of 24 samples showed the presence of slow growers (≤ 20,000
CFU/mL by the end of the shelf-life), and only two samples were associated with the
presence of fast growers (≥ 20,000 CFU/mL by the end of the shelf-life). With the new
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chlorine-based teat sanitizer (after the intervention), only 11 out of 24 samples were
classified as containing slow growers. These results indicate that spoilage of milk
samples increased significantly (p = 0.0006) from 8.3% with the iodine-based teat
sanitizer to 54.2% with the chlorine-based teat sanitizer over the 21 days of refrigerated
storage (Figure 14).

Shelf-Life of Heat-Treated Raw Milk with Teat
Dip I in Farm B
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Figure 14. Bacterial counts for heat-treated milk stored under refrigeration for 21 days as
part of the teat dip I protocol in farm B. n = 24 for milk samples collected before the
implementation of the new chlorine-based teat dip. n = 24 for samples collected after new
protocol implementation.

Martin et al. (2019) has shown the influence of the environment in the contamination
of bulk tank raw milk with sporeformers. In general, results from this intervention
showed opposite outcomes for Farms A and B – slightly increasing sporeformers counts
in farm A while significantly reducing them in farm B. It is important to notice that farm
A and farm B are environmentally different. Therefore, these results could be associated
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to other aspects of the overall management and sanitation practices applied in each farm.
In this situation, the effect of these practices may have had a higher impact on the
sporeformer populations in raw milk than the teat sanitizer used.

3.4.5.2 Teat Dip II
In farms A, B, and C, the standard sanitizer used to disinfect cow's teats is an
iodine-based teat dip. During this intervention, the sanitizer was changed to a chlorinebased teat dip to evaluate its effect on sporeformer populations. Table 10 summarizes the
data for this intervention for raw milk and environmental samples.
Among the environmental samples collected before the intervention was applied,
results showed that microbial contamination levels of MSC were higher in the teat cups
(3.01 log CFU/mL) at farm A and in the cow's teats at farm B and C (3.87 and 2.49 log
CFU/mL, respectively). However, when the levels of TSC and TRSC were observed,
contamination was higher in the cow's teats in all farms.
When the effect of the chlorine-based teat sanitizer was evaluated, results showed
a statistically significant increase in sporeformers in farms A and B for most of the
environmental samples collected. More specifically, when the levels of MSC and TSC
were evaluated in farm A, swabs of cow's teats increased by 0.29 and 0.69 log CFU/mL,
and swabs of teat cups increased by 0.38 and 0.81 log CFU/mL, respectively. Rinse water
samples also showed increased microbial counts for MSC and TSC levels; however, no
statistical differences were found. All of these results reflected on the raw milk, as
microbial counts significantly increased in farm A by 0.48 and 0.62 log CFU/mL for
MSC and TSC, respectively.
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Farm B exhibited a similar pattern with the implementation of the new chlorinebased teat sanitizer. When the levels of TSC and TRSC were evaluated, a significant
increase was observed for the swabs of cow's teats and teat cups, with the counts being
higher with the use of the new sanitizer. More specifically, swabs of cow's teats were
increased by 0.41 and 0.48 log CFU/mL, and swabs from teat cups were increased by
0.30 and 0.35 log CFU/mL for TSC and TRSC, respectively. In addition, the microbial
contamination with MSC in the cow's teats increased by 0.27 log CFU/mL with the new
sanitizer. This increase in microbial counts among the environmental samples was also
reflected in the milk. Even though the contamination with MSC was slightly reduced, a
statistically significant increase of 0.20 and 0.27 log CFU/mL was observed for the levels
of TSC and TRSC, respectively – being the counts higher with the new chlorine-based
teat sanitizer.
On the other hand, farm C exhibited a very different pattern with the application
of the chlorine-based teat sanitizer. While the TRSC remained unchanged, and under the
limit of detection of the method (1 CFU/mL for raw milk and 10 CFU/mL for
environmental samples), by the new sanitizer, surprisingly, the levels of MSC and TSC
were significantly reduced by 0.64 and 1.21 log CFU/mL in the teats and by 0.57 and
0.90 log CFU/mL in the teat cups, respectively. Nonetheless, these reductions did not
reflect in the raw milk samples, as there was no statistical significance between the two
sanitizers on any level of sporeformers (MSC, TSC, and TRSC) in the milk, with the
samples remaining under the limit of detection of the method (1 CFU/mL).

Table 10. Spore counts on raw milk and environmental samples collected during the evaluation of an improved protocol for sanitizing
cow's teats using teat dip II in farms A, B, and C.
Mesophiles
Intervention

Farm

Sample
Raw milk
Teats

A
Teat cups
Water
Raw milk
Teat Dip II
B

Teats
Teat cups
Raw milk

C

Teats
Teat cups

Before
0.63a ± 0.38
n = 18
2.94a ± 0.27
n = 48
3.01a ± 0.26
n = 48
0.40a ± 0.53
n = 14
0.93a ± 0.26
n = 24
3.87a ± 0.21
n = 41
3.64a ± 0.24
n = 42
0.00a ± 0.00
n = 24
2.49a ± 0.39
n = 48
2.12a ± 0.26
n = 48

After
1.11b ± 0.50
n = 23
3.23b ± 0.28
n = 48
3.39b ± 0.44
n = 48
0.65a ± 0.70
n = 16
0.83a ± 0.35
n = 24
4.15b ± 0.18
n = 45
3.67a ± 0.24
n = 45
0.01a ± 0.06
n = 24
1.86b ± 0.42
n = 48
1.54b ± 0.50
n = 48

Thermophiles
Before
0.05a ± 0.12
n = 18
2.33a ± 0.39
n = 48
2.32a ± 0.35
n = 48
0.06a ± 0.13
n = 14
0.44a ± 0.24
n = 21
3.33a ± 0.23
n = 41
3.14a ± 0.32
n = 42
0.03a ± 0.08
n = 24
2.09a ± 0.55
n = 48
1.47a ± 0.57
n = 48

After
0.67b ± 0.38
n = 24
3.01b ± 0.31
n = 48
3.13b ± 0.42
n = 48
0.34a ± 0.52
n = 16
0.64b ± 0.18
n = 24
3.74b ± 0.20
n = 46
3.44b ± 0.22
n = 46
< LOD
n = 24
0.89b ± 0.72
n = 48
0.56b ± 0.63
n = 48

Thermo-Resistant
Before

After

ND

ND

ND

ND

ND

ND

ND

ND

0.11a ± 0.18
n = 20
2.61a ± 0.33
n = 41
2.50a ± 0.30
n = 42
< LOD
n = 24
0.18a ± 0.46
n = 48
0.14a ± 0.38
n = 48

0.38b ± 0.35
n = 24
3.10b ± 0.23
n = 42
2.85b ± 0.18
n = 45
< LOD
n = 24
< LOD
n = 48
0.11a ± 0.33
n = 48

Spore counts are presented as Mean ± Standard Deviation. n = number of samples; ND = No Data; Same letters for "before" and
"after" on each sample type indicate a non-significant difference with p ≤ 0.05. LOD = Limit of Detection.
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To evaluate the quality of the raw milk before and after the intervention, TPC,
EB, EC, and coliform counts were evaluated in all farms (Figure 15, Figure 16, and
Figure 17). When the statistical analysis was performed, farms A and B, did not show
any statistical significance on differences observed for the quality parameters tested
under both sanitizers. Furthermore, the TPC parameter only showed a statistical
difference in farm C, increasing the counts by 0.13 log CFU/mL when using the chlorinebased teat sanitizer.
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Figure 15. Results for the raw milk quality parameters before and after the teat dip II in
farm A was implemented. Total Plate Count (TPC), Enterobacteriaceae (EB),
Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined for both
protocols. Before is data under the farm's original protocol, and after is the data collected
under the new chlorine-based teat sanitizer. "n" is the minimum number of samples
collected during sampling weeks. The same letters in the graph for before and after for a
microbial group indicate no significant difference with p ≤ 0.05.
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Raw Milk Quality with Teat Dip II in Farm B
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Figure 16. Results for the raw milk quality parameters before and after the teat dip II in
farm B was implemented. Total Plate Count (TPC), Enterobacteriaceae (EB),
Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined for both
protocols. Before is data under the farm's original protocol, and after is the data collected
under the new chlorine-based teat sanitizer. "n" is the minimum number of samples
collected during sampling weeks. The same letters in the graph for before and after for a
microbial group indicate no significant difference with p ≤ 0.05.
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Figure 17. Results for the raw milk quality parameters before and after the teat dip II in
farm C was implemented. Total Plate Count (TPC), Enterobacteriaceae (EB),
Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined for both
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protocols. Before is data under the farm's original protocol, and after is the data collected
under the new chlorine-based teat sanitizer. "n" is the minimum number of samples
collected during sampling weeks. The same letters in the graph for before and after for a
microbial group indicate no significant difference with p ≤ 0.05.

Enumeration of PSC in heat-treated milk showed a significant increase of 0.26 log
CFU/mL in farm A with the use of the new chlorine-based sanitizer. In farm B, with the
iodine-based teat sanitizer (before the intervention), PSC showed that 1 out of 24 samples
had 1 CFU/mL; while all the samples under the chlorine-based sanitizer were under the
limit of detection of the method (1 CFU/mL). Furthermore, PSC for samples from C
remained under the limit of detection of the method with both sanitizers.
Evaluation of the shelf-life of farm B heat-treated milk stored under refrigeration
for 21 days showed that 11 out of 24 samples contained slow growers while using the
iodine-based teat sanitizer, and 10 out of 24 samples contained slow growers with the
chlorine-based teat sanitizer (Figure 18). This slight increase in spoilage microorganisms
(from 54% to 58%) while using the new chlorine-based teat sanitizer was deemed
statistically insignificant (p = 0.7711). For farm C, the shelf-life analysis for the heattreated milk showed that all samples for the most part remained under the limit of
detection of the method (1 CFU/mL) with both sanitizers – only 2 out of 24 samples
contained 5 CFU/mL by day 21 of storage.
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Figure 18. Bacterial counts for heat-treated milk stored under refrigeration for 21 days as
part of the teat dip II protocol in farm B. n = 24 for milk samples collected before the
implementation of the new chlorine-based teat dip. n = 24 for samples collected after new
protocol implementation.

In general, results from this intervention showed an increase in sporeformers
among environmental samples in two farms (A and B) and a reduction in sporeformers in
one farm (C). Raw milk samples showed increased spore counts in two farms (A and B);
while no difference in the third farm. Therefore, the use of this teat dip is not
recommended when intended for the reduction of sporeformers in raw milk.

3.4.5.3 Teat Dip III
In farm A, the standard sanitizer used to disinfect cow's teats is an iodine-based
teat dip. During this intervention, the sanitizer was changed to a chlorine-based teat dip to
evaluate its effect on sporeformer populations. Table 11 summarizes the data for this
intervention for raw milk and environmental samples.
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Among the environmental samples collected before the intervention was applied,
results showed that microbial contamination is similar in the cows' teats and teat cups.
The average counts for cows' teats and teat cups were 3.51 log CFU/mL for MSC for
both types of samples, 3.25 and 3.30 log CFU/mL for TSC, and 2.26 and 2.27 log
CFU/mL for TRSC, respectively.
When the effect of the new chlorine-based teat sanitizer was assessed among the
environmental samples collected, results for the swabs of the cow's teats and teat cups
showed no statistical differences in the levels of MSC between the two sanitizers.
However, contamination on cow's teats and teat cups showed a statistically significant
reduction of 0.29 and 0.32 log CFU/mL on the levels of TSC and a reduction of 1.67 and
1.77 log CFU/mL on TRSC, respectively.
These reductions in sporeformers were reflected in the raw milk. Even though
environmental samples did not differ between sanitizers for MSC, raw milk showed a
0.33 log CFU/mL reduction while using the new chlorine-based teat sanitizer.

Table 11. Spore counts on raw milk and environmental samples collected during the evaluation of an improved protocol for sanitizing
cow's teats using teat dip III in farm A.
Mesophiles
Intervention

Teat Dip III

Farm

A

Thermophiles

Thermo-Resistant

Before

After

Before

After

Before

After

Raw milk

0.85a ± 0.50
n = 24

0.52b ± 0.44
n = 24

0.23a ± 0.24
n = 24

0.01b ± 0.06
n = 24

< LOD
n = 24

< LOD
n = 24

Teats

3.51a ± 0.25
n = 48

3.42a ± 0.18
n = 48

3.25a ± 0.31
n = 48

2.96b ± 0.32
n = 48

2.26a ± 0.39
n = 48

0.59b ± 0.75
n = 48

Teat cups

3.51a ± 0.14
n = 48

3.55a ± 0.22
n = 48

3.30a ± 0.27
n = 48

2.97b ± 0.34
n = 48

2.27a ± 0.35
n = 48

0.51b ± 0.71
n = 48

Sample

Spore counts are presented as Mean ± Standard Deviation. n = number of samples; Same letters for "before" and "after" on each
sample type indicate a non-significant difference with p ≤ 0.05. LOD = Limit of Detection.
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To evaluate the quality of the raw milk before and after the intervention, TPC,
EB, EC, and coliform counts were measured in farm A (Figure 19). When the statistical
analysis was performed, EB and coliforms did not significantly differ with the use of the
different sanitizers. However, TPC significantly increased by 0.31 log CFU/mL, while
EC significantly decreased by 0.71 log CFU/mL when using the chlorine-based teat
sanitizer.
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Figure 19. Results for the raw milk quality parameters before and after the teat dip III in
farm A was implemented. Total Plate Count (TPC), Enterobacteriaceae (EB),
Escherichia coli (EC), and Coliforms (Coli) counts in raw milk were determined for both
protocols. Before is data under the farm's original protocol, and after is the data collected
under the new chlorine-based teat sanitizer. "n" is the minimum number of samples
collected during sampling weeks. The same letters in the graph for before and after for a
microbial group indicate no significant difference with p ≤ 0.05.

Enumeration of PSC in heat-treated milk was performed while using both teat
sanitizers. Results showed that for both sanitizers there were only two samples with
detectable PSC (1 CFU/mL); while PSC in the other 22 samples were under the limit of
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detection of the method (1 CFU/mL). Hence, no significant differences were found.
Furthermore, shelf-life analysis of heat-treated milk showed that 7 out of 24 samples
were classified as containing slow growers (≤ 20,000 CFU/mL by the end of shelf-life)
with the iodine-based teat sanitizer. In comparison, 11 out of 24 samples contained slow
growers while using the chlorine-based teat sanitizer. However, this difference was
statistically insignificant (p = 0.2330), even though spoilage organisms decreased from
70.8% to 54.2% with the new chlorine-based teat sanitizer (Figure 20).

log CFU/mL

Shelf-Life of Heat-Treated Raw Milk with Teat
Dip III in Farm A
8.00
7.00
6.00
5.00
4.00
3.00
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0

7

14

21

Storage Days under Refrigeration (6°C)
Slow Before

Slow After

Fast Before

Fast After

29.2%

45.8%

70.8%

54.2%

Figure 20. Bacterial counts for heat-treated milk stored under refrigeration for 21 days as
part of the teat dip III protocol in farm A. n = 24 for milk samples collected before the
implementation of the new chlorine-based teat dip. n = 24 for samples collected after new
protocol implementation.

Because of the proximity of the teats to bedding and other farm areas, one could
speculate that sporeformers associated with the teats could be translocated to the teat
cups, ending up in the raw milk. Therefore, the use of an effective teat dip against
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sporeformers becomes essential to ensure milk quality. The teat sanitizer used in this
intervention shows promising results for reducing sporeformer populations since its effect
was positive in most microbial groups (MSC, TSC, EC), and shelf-life analysis showed a
slight decrease in fast growers.
Overall, from three chlorine-based teat sanitizers implemented in three farms,
mixed results were obtained. Therefore, it is important to establish the difference between
these three farms related to their management practices. Table 12 shows the main
environmental characteristics for each farm and where they may differ.

Table 12. Main environmental characteristics of the farms sampled in this study.
Farm Herd Size*

Bedding Type

Towel Type

Teat Disinfectant Type

A

1700

Sand

Reusable (microfiber)

Foam

B

170

Manure

Disposable

Dip

C

150

Sand, Sawdust Reusable (microfiber)

Dip

*Herd size is the number of lactating cows.

It is also worth noting that chlorine-based teat sanitizers was perceived by some
farmers that were part of this research as the cause for drying the skin of the cows' teats.
Evanowski (2020) shows that teats that scored as "very rough" were associated with
higher thermophilic spore counts in raw milk. This observation would explain the
correlation found in the data sets reported here, where for some interventions, while MSC
decreased, TSC would increase. The wide variety of farm practices also seem to play an
essential role in the overall levels of sporeformers. Therefore, to consider a teat sanitizer
as "effective" or suggest the implementation of a specific teat sanitizer, larger sample sets
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of data on farm interventions are necessary. Increasing the number of farms would allow
the statistical analysis to account for the different farm management practices and
environmental differences, while evaluating teat sanitizers.

3.4.6 Summary of Outcomes
Figure 21 shows a forest plot as a visual representation of the mesophilic spore
counts in raw milk for all the interventions. Mean estimates to the left of the plot indicate
a reduction in mesophilic sporeformers, while mean estimates to the right of the plot
indicate an increase in sporeformers. In general, raw milk samples showed a statistically
significant reduction with the implementation of the CIP, the bedding, and the towel's
sanitation protocol. The heavy-duty towels showed no difference when compared to
standard microfiber towels. Among the three teat dips tested, teat dip I showed a
reduction in one farm with no difference in the other farm, teat dip II showed an increase
in one farm, with no differences in the other two farms, and teat dip III showed a
reduction in the one farm tested.
Figure 22 shows a forest plot as a visual representation of the thermophilic spore
counts in raw milk for all the interventions. A statistically significant reduction in
sporeformers was observed with the Clean-In-Place protocol and teat dip III. In contrast,
a significant increase was observed for teat dip II in two out of the three farms.
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Figure 21. Results for the mesophilic spore counts in raw milk. Before is data under the
farm's original protocol, and after is the data collected under the new protocol. Total is
the number of samples collected for the sampling period. MD represents the mean
difference between protocols. A negative value indicates a reduction of sporeformers
with the new protocol and a positive value indicates an increase in sporeformers with the
new protocol.

Figure 22. Results for the thermophilic spore count in raw milk. Before is data under the
farm's original protocol, and after is the data collected under the new protocol. Total is
the number of samples collected for the sampling period. MD represents the mean
difference between protocols. A negative value indicates a reduction of sporeformers
with the new protocol and a positive value indicates an increase in sporeformers with the
new protocol.
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Figure 23 shows a forest plot providing a visual representation of the thermoresistant spore counts in raw milk for all the interventions. Except for the heavy-duty
towels that exhibited an increase in thermo-resistant sporeformers with the new protocol,
results of the interventions did not show any statistical significance in raw milk samples.
It is worth noticing that thermo-resistant spore counts were always much lower in raw
milk than mesophilic and thermophilic spore counts.

Figure 23. Results for the thermo-resistant spore counts in raw milk. Before is data under
the farm's original protocol, and after is the data collected under the new protocol. Total
is the number of samples collected for the sampling period. MD represents the mean
difference between protocols. A negative value indicates a reduction of sporeformers
with the new protocol and a positive value indicates an increase in sporeformers with the
new protocol.

Some farmers receive premiums for having lower Total Plate Counts in their raw
milk. When evaluating TPC in all the interventions, TPC did not significantly differ for
CIP, bedding protocol, sanitation of the towels, the towels' heavy-duty fabric, and teat dip
II. However, it decreased for teat dip I and increased for teat dip III. These results
indicate that in order for farmers to be able to implement any intervention associated with
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reducing sporeformers in raw milk other incentives, than premiums for TPC, will have to
be established to offset any increase in costs associated with interventions.

3.5 Conclusions
According to the US Dairy Export Council, the stringent limits for sporeformers
in milk powder set by customers range from less than 500 to less than 1000 spores per
gram for mesophilic and thermophilic endospores, respectively (Bienvenue, 2013).
Therefore, reduction in sporeformer populations that can lead to meeting these levels in
milk powder and extend fluid milk shelf-life further than 21 days would be very
beneficial to the dairy industry. Among the interventions evaluated in this research, the
CIP protocol, sand protocol, and the addition of bleach to the towels washing cycle would
be the interventions recommended to be implemented at farm level, due to the observed
reduction in MSC, and no statistical difference in TPC counts, in raw milk. Additionally,
heavy-duty towels, if beneficial to farms (i.e., cost or preference) could be used without
affecting the counts of the microbial groups evaluated in this research.
Among the three chlorine-based teat sanitizers tested, Teat Dip I can be used for
milk destined for the milk powder sector, since overall, it reduced the TPC and spore
counts in raw milk. Teat Dip II would not be recommended as it increased both spore
counts and TPC. The Teat Dip III reduced spore counts; however, it increased TPC in
raw milk. Hence, testing this dip in other farms would be recommended before a final
conclusion could be made regarding the efficacy of this particular sanitizer.
In summary, adopting the interventions evaluated in this research that showed a
positive outcome regarding levels of sporeformers in raw milk could contribute to
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achieving the low levels of spores (≤500 MSC and ≤1000 TSC spores per gram) required
by international milk powder customers, while possibly contributing to the extension of
the shelf-life of fluid milk beyond 21 days in the national market.
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CHAPTER 4. RISK-BASED SIMULATIONS OF SPOREFORMERS
POPULATION THROUGHOUT THE DAIRY PRODUCTION AND
PROCESSING CHAIN IN RESPONSE TO ON-FARM INTERVENTIONS

4.1 Abstract
In recent years, specific attention has been given to the contamination of milk
powder with sporeformer bacteria. Due to their spore structure, sporeformers can survive
the pasteurization process and resist milk powder processing conditions. A systematic
review (SR) was conducted to describe the changes in population of sporeformer bacteria
from the raw milk at the farm to the milk powder in the processing facility. A database
search was carried out to identify and compile primary research that described
concentration and/or prevalence throughout the milk powder chain. The search retrieved
768 studies that were combined with 1,822 studies previously included in the work of
Ortuzar et al., 2018 related to the research question of interest. From these studies, 58
references were deemed relevant for data extraction and subsequent meta-analysis (MA).
The concentration data was more abundant than the prevalence data, and a great level of
heterogeneity was observed between studies. Concentration data increased from bulk
tank (1.95 log CFU/mL) to pasteurized milk (4.89 log CFU/mL), and subsequently
decreased in the milk powder (2.14 log CFU/g). Nevertheless, milk powder concentration
was higher than the initial bulk tank concentration. Prevalence data also showed an
increase from 44% sporeformers in raw milk at the bulk tank to 72% in milk powder. A
stochastic modeling approach was used to evaluate the risk of contamination with
sporeformers in milk powder. To assess the uncertainty and variability of the model, a

125
Monte Carlo simulation with Latin Hypercube sampling method was used. Among the
seven evaluated interventions, the clean-in-place, bedding, and towel sanitizing protocols
effectively reduced the concentration of sporeformers in milk powder. From the three teat
sanitizers tested, two were simulated with a best- and worst-case scenario and resulted in
conflicting results. In summary, the contamination of sporeformers increases from the
farm to the final product, and interventions targeted at the farm can aid in the reduction of
sporeformers in the final product (i.e., milk powder). However, research is still needed
around testing multiple interventions in different farms to lower sporeformers in raw milk
at the bulk tank to less than 1 log CFU/mL, which would help in meeting the most
stringent parameters set by international milk powder customers. In addition, the
developed risk-based model provides a framework for the milk powder production chain
to evaluate intervention strategies applied throughout the continuum from farm to final
product.

4.2 Introduction
Sporeformer bacteria are well recognized in the dairy industry for their resistance
to high-temperature conditions (i.e., pasteurization temperatures). The main limiting
factor for fluid dairy product spoilage is their growth under refrigeration storage (Ivy et
al., 2012; Gopal et al., 2015). Their ability to produce thermotolerant enzymes (e.g.,
proteases and lipases) may also lead to quality problems (rancidity, protein coagulation,
off odors, and flavors) that affect fluid milk and, consequently, dairy products made with
contaminated milk powders (Meer et al., 1991; Gopal et al., 2015; Machado et al., 2017).
Research shows a prevalence of 63% of psychrotrophic sporeformers in raw fluid milk
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from the Northeast region of the US (Masiello et al., 2014), and similar results (65%)
were found in the Midwest (Martínez, 2016).
The milk powder industry is affected not only by psychrotrophic sporeformer
bacteria, but also by thermophilic and thermoresistant strains. Spores impact the quality
and safety of milk powders; hence, trade contracts at international levels usually demand
low counts for sporeformers in milk powder. In these contracts, quality parameters may
include spore counts in the final product ranging from less than 500 to less than 1000
spores per gram of product for mesophilic and thermophilic sporeformers, respectively
(Bienvenue, 2013). These customers' specifications challenge the dairy industry, limiting
its target market (e.g., infant formula and nutritional products, among others) and finally
affecting potential financial revenue. To secure a more significant share of this market,
dairy processors in the US need high-quality milk with low spore counts. Thus, reducing
sporeforming bacteria in milk powders will give producers a competitive advantage in a
growing international market (Bienvenue, 2013). According to the literature, Bacillus
licheniformis, Anoxybacillus flavithermus, and Geobacillus stearothermophilus are the
most predominant thermophilic sporeformers of concern in milk powder processing due
to their ability to grow at thermophilic temperatures, >55 °C (Burgess et al., 2010;
Reginensi et al., 2011).
Sporeformers have been identified in farm samples, e.g., bedding, manure, teat
cups, filter cloths, and teats, among others in the farm environment (Vaerewijck et al.,
2001; Te Giffel et al., 2002b; Scheldeman et al., 2005; Huck et al., 2008; Martínez,
2016), and their levels may vary in response to season, animal health, and hygiene,
among other factors (Quigley et al., 2013). These studies concluded that the main entry
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points of sporeformers into the milk chain are located at farm level. Martinez (2016)
found that these microorganisms seem to be associated with areas and surfaces that come
in close contact with the raw milk, such as cow's teats, bedding, and milking equipment.
In addition, bacterial strains found in raw milk were indistinguishable by molecular
methods from strains found in those farm sampling points. Thus, these results highlight
the importance of controlling the potential contamination of raw fluid milk with these
sporeformers.
Due to the adverse aspects that sporeforming bacteria bring to the dairy industry,
a better understanding of their population is needed across the milk supply chain.
Research exists, although limited, documenting the concentration and prevalence of these
organisms throughout the milk supply chain. A previous systematic review and metaanalysis for fluid milk was performed by Ortuzar (2018) to cover a continuum from raw
milk on farm to pasteurized milk in packages at processing facilities, but no similar
information is available for milk powder.
A systematic review (SR) can aid in data collection, assessment, and synthesis of
research studies in a methodical way. Data extracted from different studies can be
quantitatively synthesized by a meta-analysis (MA) approach, which combines available
studies to develop a conclusion with stronger statistical power over each individual study.
Because of current gaps in knowledge associated with the milk powder chain and
sporeformers, the first step to fill this gap is to determine the baseline levels of
sporeformers for the powder chain. Knowing the baseline levels for these sporeformers at
specific steps of the milk supply chain is essential to predict any response from potential
interventions that may be applied at any point throughout the chain. A Quantitative
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Microbial Risk Assessment (QMRA) approach can systematically integrate various
factors along dairy processing chain that may accumulatively affect the dynamics of
sporeformers contamination along the chain and in the final products. Using such an
approach, the impact of proposed on-farm interventions on sporeformers reduction can be
evaluated in terms of their efficacies in advancing the quality of dairy products. The
purpose of this study is to use an evidence-based, risk-based simulation approach to
answer the research question, "how effectively on-farm interventions can aid in reducing
sporeformer populations in milk powders?"

4.3 Materials and Methods
4.3.1 Overview
The contamination with sporeformers along the milk processing chain was
modeled for the farm-to-fork continuum by integrating two modules into an exposure
assessment: a) farm and transport (included raw milk samples collected at the farm and
transport from the farm to the processing plant), and b) processing plant (included raw
milk at the silo in the processing plant through milk powder in the processing plant). The
systematic review and meta-analysis results provided quantifiable estimates that were
used to populate the input parameters and develop the model. Input for the on-farm
interventions was taken from the experimental trials carried out by the University of
Nebraska-Lincoln at farms in Nebraska. The risk-based assessment model developed was
then used to answer the research question around the efficacy of different on-farm
interventions on reducing the introduction and transmission of sporeformers throughout
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the dairy supply chain. The model output was expressed as the final spore concentration
(prevalence × concentration) in milk powder.

4.3.2 Systematic Review
A systematic review (SR) was conducted to collect, evaluate, and synthesize the
available data in the literature associated with sporeformers and the milk production and
processing chain methodically. The search strategy from Ortuzar et al. 2018 shown in
Table 1 was used. An updated search was performed from March 2017 through
December 2018. This search strategy contains a comprehensive set of keywords related
to dairy products and sporeformers, which prevented the potential exclusion of significant
studies. The six databases screened for relevant literature were CAB Abstracts and
Global Health (CABI), BIOSIS Citation Index, MEDLINE, Food Science and
Technology Abstracts, Biological Abstracts, and Web of Science Core Collection.
Relevant screening of the publications was performed by title, abstract, and full
text using the software EndNote X7 (Thomson Reuters, Toronto, Canada) by four
individuals organized in two pairs. The comprehensive set of keywords used resulted in a
considerable number of publications; therefore, title screening was used to remove noise
and unrelated references (e.g., "Sporeformers in buffalo milk"). As a subsequent step, the
abstract screening further removed references that were not relevant to this study. At this
point, references were removed if they did not follow five essential parameters: studies
must be in English; have concentration or prevalence data for sporeformers; include the
collection point of the samples within the supply chain; and countries must have similar
dairy production systems to those used in the US. In addition, references must have been
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published after 1965, which is when the standards for "Grade A" pasteurized milk were
published.
References that passed this screening were downloaded using the University of
Nebraska-Lincoln's library resources. At this final stage, citations were removed based on
the following exclusion criteria: a) they were not found through the university library
resources; b) there was no numerical or graphical data; c) data was from validation
studies, experimental studies, detection methods, and challenge studies; d) data was from
a country with different development level as the US; e) there was no concentration or
prevalence data about sporeformer bacteria; f) prevalence data does not contain, besides
the point estimate (%), the number of samples being tested or the number of positives; g)
variation quantified in any formats (e.g., standard deviation, standard errors, and
confidence interval) is not present for concentration data; and h) publication was not
primary research.

Table 1. Search strategy used in the systematic review by Ortuzar et al. 2018.
Database (Interface)
CABIa, Web of Science Core Collection
and Biological Abstracts (via Web of
Science interface)

MEDLINE (via PubMed interface)

Search Strategy
(spore* OR "bacterial spores" OR
sporeformer* OR "spore former" OR
spore-former* OR sporeforming OR
spore-forming OR "spore forming" OR
endospore*)
AND
("milk products" OR milk OR "ice cream"
OR cheese* OR cream OR butter OR
yogurt OR yoghurt OR dairy) (milk OR
milks OR "ice cream" OR "ice creams"
OR cheese OR cheeses OR butter OR
yogurt OR yoghurt OR cream OR dairy
OR dairy products [MeSH])
AND
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(spore OR spores OR "spore forming" OR
sporeform* OR spore-form* OR "spore
former" OR "spore formers" OR
endospore OR endospores OR spores,
bacterial [MeSH])
BIOSIS Citation Index (via Web of
(milk OR milks OR "ice cream" OR "ice
Science interface)
creams" OR cheese OR cheeses OR butter
OR yogurt OR yoghurt OR cream OR
dairy) AND (spore* OR "spore forming"
OR sporeform* OR spore-form* OR
"spore former" OR "spore formers" OR
endospore*)
Food Science and Technology Abstracts
(spore* OR "bacterial spores" OR
(via Web of Science interface)
sporeformer* OR "spore former" OR
spore-former* OR sporeforming OR
spore-forming OR "spore forming" OR
endospore*) AND ("dairy products" OR
milk OR "ice cream" OR cheese* OR
cream OR butter OR yogurt OR yoghurt
OR dairy)
a


CABI: CAB Abstracts and Global Health .

4.3.3 Data Extraction
Relevant data were manually extracted from the SR publications and organized
using a Microsoft Excel Spreadsheet by two individuals. The information retrieved from
publications included first author, year of publication, the country of the study, sample
size, processing step, detection method, bacterial type, type of organism, milk type (fluid
or powder), concentration and/or prevalence with their statistical descriptors (i.e., mean,
standard deviation, confidence interval, and standard error), among others.
A flow diagram is provided in Figure 1 to visualize the standard milk supply
chain, from farm to processing. This model contains the following steps: a) the bulk tank
(raw milk samples and samples taken from the bulk tank at the farm); b) transport (raw
milk samples collected during transport); c) silo (raw milk samples from the storage silo
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and samples collected before the pasteurizer at the processing plan); d) pasteurized milk
(milk samples from the pasteurizer and pipes before packaging); e) standardized milk
(samples taken at the standardization step before going into the evaporator); f)
concentrated (milk samples from the evaporator before reaching the drying equipment);
g) spray drying (samples taken from the spray drying equipment); h) fluid bed (samples
at the end of the fluid bed drying equipment and before packaging); and i) milk powder
(all milk powder samples from packaged products at the facility or market and dairybased infant formula).

Figure 1. Flow diagram of a standard dry milk powder supply chain.
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4.3.4 Data Analysis
Although a substantial number of references were obtained, a limited number of
studies were relevant to the research question addressed in this study. Furthermore, the
lack of statistical descriptors, especially for the concentration data, further limited the
number of usable references for the meta-analysis. A descriptive approach was used to
visualize concentration data. First, plots and statistical descriptors were obtained using R
(R Core Team, 2013). Then, a weighted mean based on sample size was estimated for
each step of the processing chain to quantify the sporeformer's concentration associated
to that step.
For prevalence data, a meta-analysis approach synthesized the data extracted from
different studies obtained by the systematic review. It combined the studies to develop a
single conclusion regarding sporeformers in the milk powder chain with a stronger
statistical power over individual studies. Random effects statistical model was conducted
using the metafor package (Viechtbauer, 2010) in R statistical software (R Core Team,
2013) to combine prevalence data for each step of the milk supply chain. The outputs of
the meta-analysis generated prevalence data that has a confidence interval of 95%,
considering both between-study (heterogeneity) and within-study variation. Additionally,
a forest plot was constructed to observe the individual prevalence of sporeformers from
each study at each step of the dairy supply chain. Cochran's Q is the standard measure of
heterogeneity, and this chi-squared test has been described as able to assess whether
observed differences in results are due to chance alone. In this study, to quantify
heterogeneity among studies, the I2 statistic was used, which describes the percentage of
variation across studies due to heterogeneity rather than chance. This approach was
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chosen because it does not depend upon the number of studies considered. The I2 value
was calculated following the equation proposed by Higgins and colleagues I2 = 100%*(Q
– df)/Q (Higgins et al., 2003); where Q is the chi-squared statistic and df the degrees of
freedom. Results from the systematic review and meta-analysis were used for the
estimation of model input variables that are described in the next section.

4.3.5 Exposure Assessment
The exposure assessment was carried out to predict the transfer of bacterial spores
throughout the milk powder processing chain. The farm environment has been
determined as one of the main entry points of sporeformers into the milk chain. Hence,
the effectiveness of several intervention strategies applied at the farm level (i.e., clean-inplace protocol, towel sanitization protocol, different teat sanitizers, etc.) to mitigate
sporeformer contamination in milk powder were evaluated following a risk-based
approach. For this assessment, the model was simplified resulting in one step on the farm
module and two steps in the processing module as follows: a) raw milk in the bulk tank;
b) pasteurized milk at the pasteurization step; and c) milk powder (or packaged milk) in
the final product form. Figure 2 provides a conceptual model as a visualization of the
modeling process.
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Figure 2. Conceptual model for the risk assessment model for sporeformers in milk
powder.

Farm and Processing Modules
Milk contamination with spores was expressed as concentration and prevalence
throughout each step of the model. The initial contamination levels were obtained from
the systematic review and synthesized by the meta-analysis (i.e., the prevalence and
concentration of sporeformers in raw milk from bulk tank pasteurized milk, and milk
powder/packaged milk). The initial concentration at each step was modeled under a
Normal distribution using the mean and standard deviation obtained from the systematic
review and data analysis (i.e., concentration boxplot). The initial prevalence at each step
was modeled under a Pert distribution using the minimum, most likely, and maximum
values obtained from the systematic review and meta-analysis.
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Changes in spore prevalence through the milk chain were described by odd ratios
(OR) and obtained with the following equation:

𝑂𝑅 =

𝑃𝑎𝑓𝑡 / 1 − 𝑃𝑎𝑓𝑡
𝑃𝑏𝑒𝑓 / 1 − 𝑃𝑏𝑒𝑓

Equation 1

where 𝑃𝑏𝑒𝑓 is the prevalence of spores before a processing step and 𝑃𝑎𝑓𝑡 is the prevalence
of spores after a processing step. An OR value less than 1 indicates a reduction in spore
prevalence, while an OR value higher than 1 indicates an increase in spore prevalence. In
addition, changes in spore concentration were obtained by calculating a concentration log
change (LC) with the following equation:
𝐿𝐶 = 𝐶𝑏𝑒𝑓 − 𝐶𝑎𝑓𝑡

Equation 2

where 𝐶𝑏𝑒𝑓 and 𝐶𝑎𝑓𝑡 are the concentration of spores before and after a processing step,
respectively. An LC negative value indicates an increase in spores (negative effect),
while a positive value indicates a reduction in spores (positive and desired effect). The
OR and LC input values were calculated by using the point estimates obtained in the data
analysis from the systematic review (i.e., boxplot and meta-analysis) in equations 1 and 2
presented above.
In the baseline model the concentration of spores post-step was obtained by
incorporating the LC into equation 3 as proposed by Dogan (2019):
𝐶 = 𝐶𝑖 − 𝐿𝐶

Equation 3

where, C is the concentration after a specific step, 𝐶𝑖 is the initial concentration and the
LC is the change in concentration between the two steps (Dogan et al., 2019). The
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prevalence post-step was obtained by incorporating the OR into equation 4 as proposed
by Dogan (2019):

𝑃=

𝑃𝑖 × 𝑂𝑅
1 − 𝑃𝑖 + 𝑃𝑖 × 𝑂𝑅

Equation 4

where P is the prevalence after a specific step, 𝑃𝑖 is the initial prevalence, and the OR is
the change in prevalence between the two steps. Finally, the final spore contamination
(FC) in the end product (i.e., packaged milk and milk powder) was calculated by
multiplying the final concentration and prevalence. A summary of the input parameters
for the farm and processing modules used to build the baseline model is presented in
Table 2.

Table 2. Input parameters for the baseline model.
Variable ID Description

Distribution, Formula, or Value

Unit

Source

RiskPert(0.1,47.9,100)/100

Percent

SR-MA

log CFU/mL

SR-MA

OR

SR-MA

log CFU/mL

SR-MA

Percent

Calculated, cSD

Farm Module
𝑃𝑏𝑡

Prevalence of spores in bulk tank

𝐶𝑏𝑡
𝑂𝑅𝑏𝑝
𝐿𝐶𝑏𝑝

Concentration of spores in bulk tank

a

b

RiskNormal(2.0268,0.914)
Odds Ratio from bulk tank to pasteurized
1.3735
Concentration change from bulk tank to pasteurized -2.916
Processing Module
𝑃𝑝𝑎𝑠𝑡
Prevalence of spores in pasteurized milk
(Pbt*ORbp)/(1 - Pbt + Pbt*ORbp)
𝐶𝑝𝑎𝑠𝑡
Concentration of spores in pasteurized milk
Cbt - LCbp
𝑂𝑅𝑝𝑝
Odds Ratio from pasteurized to packaged milk
1.3723
𝐿𝐶𝑝𝑝
𝑃𝑝𝑎𝑐𝑘𝑚
𝐶𝑝𝑎𝑐𝑘𝑚
𝐹𝐶𝑝𝑎𝑐𝑘𝑚
𝑂𝑅𝑝𝑚
𝐿𝐶𝑝𝑚

log CFU/mL Calculated, SD
OR

SR-MA

Concentration change from pasteurized to packaged
log CFU/mL SR-MA
1.579
milk
Prevalence of spores in packaged milk
Calculated, SD
(Ppackm* ORpp)/(1 - Ppackm + Ppackm*ORpp) Percent
Concentration of spores in packaged milk
Final spore contamination in packaged milk
Odds Ratio from pasteurized to milk powder
Concentration change from pasteurized to milk
powder
Prevalence of spores in milk powder

Cpast - LCpp
Ppackm * Cpackm
2.4482

log CFU/mL Calculated, SD

2.751

log CFU/mL SR-MA

log CFU/mL Calculated, SD
OR

SR-MA

𝑃𝑚𝑝𝑜𝑤𝑑
Calculated, SD
(Pmpowd*ORpm)/(1 - Pmpowd + Pmpowd*ORpm) Percent
𝐶𝑚𝑝𝑜𝑤𝑑
Concentration of spores in milk powder
log CFU/mL Calculated, SD
Cpast - LCpm
𝐹𝐶𝑚𝑝𝑜𝑤𝑑 Final spore contamination in milk powder
log CFU/mL Calculated, SD
Pmpowd * Cmpowd
a
RiskPert function is defined as RiskPert(minimum, most likely value, maximum)
b
RiskNormal function is defined as RiskNormal(mean, standard deviation)
c
SD = Scenario Dependent
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4.3.6 Intervention Scenarios
Seven intervention scenarios were evaluated using the proposed risk assessment
model. These scenarios were used to determine the effect of each intervention performed
in chapter three on reducing the levels of sporeformers in the product of interest, milk
powder. The scenario with no interventions served as the baseline scenario, which starts
with the raw milk at the bulk tank at the farm, followed by the pasteurized milk at the
processing facility, and ends with the milk powder at the processing facility or
supermarket. This baseline scenario was obtained from the systematic review and metaanalysis. Scenarios one through seven (Table 3) were the interventions applied at the
farm in chapter three, which affected the initial concentration of spores in the raw milk at
the bulk tank. These interventions involved changes in management practices associated
with cleaning, sanitation, and milking at the farm level. For the interventions, efficacy
data (concentration and prevalence) of the standard protocol used by farms prior to the
intervention was used as a baseline to determine the efficacy of each alternative
management protocol.
Here the results (i.e., log reduction of sporeformers) from each intervention were
evaluated in the risk assessment model to assess their effect on the levels of sporeformers
associated with the packaged milk and milk powder at the end of the production chain.
Therefore, the sporeformer concentration in raw milk from the bulk tank for each
scenario was calculated by the following formula:
𝐶𝐴𝑙𝑡𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜_1 = 𝐶𝑏𝑡 − 𝐿𝐶𝐼𝑛𝑡_𝑖

Equation 5

where 𝐶𝐴𝑙𝑡𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 is the concentration of sporeformers in raw milk from
the bulk tank after the intervention, 𝐶𝑏𝑡 is the sporeformer concentration in the raw milk
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from the bulk tank in the baseline scenario, and 𝐿𝐶𝐼𝑛𝑡_𝑖 is the log reduction obtained by
the intervention. Table 3 provides a list of the interventions evaluated.

Table 3. Intervention scenarios used for the microbial risk assessment model for
sporeformers in the milk powder chain.
Scenario ID Intervention Description
No interventions (current practices) – Baseline model
1

Cleaning–in–Place System

2

Bedding Protocol – Sand

3

Towel Sanitizer – Bleach

4

Heavy-Duty Towel – Fabric

5

Teat Sanitizer I

6

Teat Sanitizer II

7

Teat Sanitizer III

Results for each of the scenario analysis were presented as 1) mean estimates with
quantified variability and uncertainty for individual intervention scenarios; and 2) percent
of reduction on the levels of sporeformers associated with milk powder under each
scenario, compared to the baseline data from the systematic review and meta-analysis.
Percent of reduction was calculated using equation 6:
𝐹𝐶𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝐹𝐶𝑖𝑛𝑡𝑒𝑟𝑣𝑒𝑛𝑡𝑖𝑜𝑛
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐹𝐶𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

Equation 6

where 𝐹𝐶𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 and 𝐹𝐶𝑖𝑛𝑡𝑒𝑟𝑣𝑒𝑛𝑡𝑖𝑜𝑛 refer to the concentration of sporeformers in CFU/g
of the baseline and alternative intervention scenarios, respectively.
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4.3.7 Modeling Simulations
A Monte Carlo simulation with Latin Hypercube Sampling with 10,000 iterations
was conducted for all scenarios to quantify the uncertainty and variability of the model
output using @Risk software (version 7.5, Palisade Corporation, New York, USA).
Simulations of the model representing different intervention scenarios were run
independently with 10,000 iterations.

4.4 Results and Discussion
4.4.1 Systematic Review
Ortuzar et al. (2018) included in their systematic review 1,822 references that
were screened by title covering from 1814 until March 2017. These references were
revisited in light of the research question addressed by this study. After the abstract
screening, 1,444 from the original pool were excluded as they did not meet inclusion
criteria for this study. An updated search covering from 2017 to December 2018 provided
768 additional references from seven databases. Four hundred forty-six references were
deleted (automatically and manually) due to duplication. The remaining 322 references
were moved to the screening step for title and abstract. From those 322 references, 253
were excluded as they did not meet the inclusion criteria. The remaining 69 references
were saved for full-text screening. These 69 references were merged with the remaining
378 references from Ortuzar (2018). In addition, 17 references were found and added in
an additional search done in August 2019. After merging, 464 references were searched
for full-text screening. From the 464 references, 406 were excluded: 2 were duplicates; 2
contained data in graph form where extracting values was not possible; 87 were from a
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location outside the scope of this research; 72 were in a different language; 59 were not
available through the University of Nebraska-Lincoln library resources; 86 were deemed
not relevant; 12 did not contain data; 25 were challenge studies, interventions,
experimental studies, or detection methods; 55 were not primary research (e.g.,
abstracts); and six did not contain measures of variability. The remaining 58 references
were considered relevant; therefore, data was extracted and included in this study. A
summary of the systematic review process is presented in Figure 3. Of those 58 relevant
publications, 50 contained concentration data and 18 contained prevalence data. Table 4
summarizes the characteristics of the references used in this research. Bulk tank was the
most abundant standardized step regarding concentration and prevalence data, with 31
references containing concentration data for a total sample size of 13,094 and 9
references containing prevalence data for a total sample size of 2,494 (Table 5). This
review considered only aerobic sporeformers and studies where heat treatment was
applied to samples before enumeration, or spore counts were reported.

Figure 3. Flow diagram of the systematic review process.
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Table 4. Characteristics of the references used in data analysis.
Reference

Location

Processing Step

Test Method

Angelidis et al., 2016

Greece

Packaged Milk

PCA + 0.1 % Skim milk + 0.1%
starch

Concentration

Barkley and Delaney, 1980

Australia

Bulk Tank, Transport

MYP Agar, 63°C/30 min

Concentration

Bartoszewiez et al., 2008

Poland

Silo, Pasteurized, Packaged
Milk

MYP Agar, 72°C/5 min

Concentration

Boor et al., 1998

United States

Bulk Tank

Buehner et al., 2014

United States

Bulk Tank

Caplan and Barbano, 2013

United States

Silo

Christiansson et al., 1999

Sweden

Bulk Tank

Coghill and Juffs, 1979

Australia

Bulk Tank, Pasteurized

PCA, 80°C/10 min

Prevalence

Collins-Thompson et al., 1980

Canada

Milk Powder

TSA, 75°C/20 min

Prevalence

Cook and Sandeman, 2000

Australia

Bulk Tank

Starch Nutrient Agar,
80°C/10 min

Concentration

Coorevits et al., 2008

Belgium

Bulk Tank

BHI agar, 80°C/10 min

Concentration

Crielly et al., 1994

United Kingdom

Bulk Tank

PEMBA, 80°C/10 min

Concentration

Cromie et al., 1989

Australia

Pasteurized

Starch Nutrient Agar
80°C/10 min

Prevalence

Di Pinto et al., 2013

Italy

Milk Powder

PEMBA

Prevalence

Doll et al., 2017

Germany

Bulk Tank

TSA, 80°C/10 min

Concentration

Esteves and Patinho, 1966

Portugal

Bulk Tank

Milk starch agar, 103°C/30 min

Concentration

SMA+ 0.1% soluble starch,
80°C/12 min
PCA,
80°C/10 min & 63°C/30 min

Data type

Concentration
Concentration

BHI, 80°C/12 min

Concentration

Blood Agar plates, 72°C/5 min

Concentration
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GTK medium with 0.1% starch,
80°C/30 min

Concentration

PCA, 63°C/30 min

Concentration

Milk Agar Plates, 80°C/10 min

Concentration
and Prevalence

Bulk Tank, Silo,
Pasteurized, Concentrate,
Milk Powder

British Standard 4285:1964

Concentration

United States

Silo

APC Petrifilm 80°C/12 min

Concentration

Hanus et al., 2004

Czech Republic

Bulk Tank

Huck et al., 2007a

United States

Transport

Huck et al., 2008

United States

Bulk Tank

Huck et al., 2007b

United States

Silo

Hutchison et al., 2005

United Kingdom

Bulk Tank

Johnston and Bruce, 1982

Scotland

Bulk Tank

Jones and Langlois, 1977

United States

Packaged Milk

Kwee et al., 1986

Australia

Silo, Concentrate, Milk
Powder

Larsen and Jorgensen, 1997

Denmark

Packaged Milk

Lin et al., 1998

Canada

Transport, Silo, Pasteurized,
Packaged Milk

Foltys and Kirchnerova, 2006

Slovakia

Bulk Tank

Fromm and Boor, 2004

United States

Silo, Packaged Milk

Griffiths and Phillips, 1990

Scotland

Bulk Tank, Pasteurized

Griffiths et al., 1988

Scotland

Hanson et al., 2005

Standard CSN 570101 and
Standard CSN ISO 7932
Methods for examination of dairy
products (Frank and Yousef 2004)
80°C/12 min
BHI Agar
Methods for examination of dairy
products (Frank and Yousef 2004)
PCA (Oxoid) and MYP agar
(Oxoid) with polymyxin and egg
yolk British Standards Institute
method 63.5°C/20 min
PCA, 63.5°C/35min
Standard methods for Dairy
products 13th ed
AS1095.2.1 and AS1095.3.7
Standards Association of Australia
Bacto Tryptose Blood Agar base,
72°C/15 s
PEMBA, 75-81°C/20 min

Concentration
Concentration
Concentration
Concentration

Concentration
Prevalence
Concentration
Concentration
Concentration
and Prevalence
Concentration
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Standard Plate Count Nutrient
Agar, 80°C/10 min
Blood Agar Base,
72-79°C/12 min
BHI Agar, 80°C/12 min, 100°C/30
min, & 106°C/30 min

Lukasova et al., 2001

Czech Republic

Bulk Tank

Magnusson et al., 2007

Sweden

Bulk Tank

Martin et al., 2019

United States

Bulk Tank

Martinez et al., 2017

United States

Transport, Silo, Pasteurized,
Concentrate

SMA, 80°C/12 min

Concentration

Masiello et al., 2014

United States

Bulk Tank

MPN, 80°C/12 min

Concentration

Masiello et al., 2017

United States

Bulk Tank

Standard PCA, 80°C/12min

Concentration

McGuiggan et al., 2002

Ireland

Silo

MPN and milk PCA, 80°C/20min

Concentration

McKinnon and Pettipher, 1983

United Kingdom

Bulk Tank, Transport, Silo,
Packaged Milk

Mikolajcik and Simon, 1978

United States

Transport

Muir et al., 1986

Scotland

Silo, Pasteurized,
Concentrate, Milk Powder

Murphy et al., 2019

United States

Bulk Tank

Pereda et al., 2007

Spain

Bulk Tank, Pasteurized

Pirttijarvi et al., 1998

Finland

Transport

Ranieri et al., 2009

United States

Bulk Tank

Ravanis and Lewis, 1995

United Kingdom

Bulk Tank, Pasteurized

Reyes et al., 2007

Chile

Milk Powder

Rombaut et al., 2002

Belgium

Bulk Tank

Yeastrel milk Agar (oxoid),
63°C/30 min, 80°C/10 min
SMA + 0.1% Starch,
80°C/12 min
British Standard 4285:1968,
74°C/16 s, 90°C/10 min
BHI Agar,
80°C/12 min
PCA, 80°C/5 min, 90°C/15 s
Phenol Red Egg Yolk Polymyxin
Agar, 80°C/10 min
BHI Agar,
62.8°C/30 min &, 80°C/12 min

Concentration
Concentration
and Prevalence
Concentration
and Prevalence

Concentration
Concentration
and Prevalence
Concentration
Concentration
and Prevalence
Concentration
Prevalence
Concentration

Starch Nutrient Agar, 72°C/15 s

Concentration

Tryptone Soy Broth + polymyxin B
Sulphate, 80°C/10 min

Concentration
and Prevalence

PCA, 80°C/10 min

Concentration
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TSA, 80°C/10 min

Concentration
and Prevalence
Concentration
and Prevalence

Rückert et al., 2004

Poland

Milk Powder

Scheldeman et al., 2005

Belgium

Bulk Tank

Scott et al., 2007

New Zealand

Silo, Pasteurized,
Concentrate, Spray Drying,
Fluid Bed, Milk Powder

Slaghuis et al., 1991

Netherlands

Bulk Tank

Slaghuis et al., 1997

Netherlands

Bulk Tank

Stulova et al., 2010

Estonia

Bulk Tank, Silo

Sutherland and Murdoch, 1994

Scotland

Bulk Tank, Transport, Silo,
Pasteurized

Svensson et al., 1999

Sweden

Silo

Te Giffel et al., 1996

Netherlands

Transport, Silo, Pasteurized,
Standardization,
Concentrate, Spray Drying,
Milk Powder, Packaged
Milk

MYP agar, 80°C/10 min

Prevalence

Te Giffel et al., 2002a

Netherlands

Bulk Tank

Milk PCA, 80°C/10 min

Prevalence

milk PCA 80°C/10 min, &
BHI Agar 100°C/30 min
milk PCA, 80°C/15 s, &
100°C/30 min

Concentration

PCA, 80°C/10 min

Concentration

PCA + MYP agar,
80°C/10 min
PCA with 0.1% skim milk powder,
80°C/10 min
Nutrient Agar with NA + MnSO41,
80°C/10 min

Concentration
and Prevalence

Blood Agar plates, 72°C/5 min

Concentration

Concentration
Concentration

PCA = Plate Count Agar, MYP = Mannitol-Egg Yolk-Polymyxin Agar, BHI = Brain Heart Infusion (BHI) agar, SMA = Standard
Methods Agar, MPN = Most Probable Number, APC = Aerobic Plate Count, TSA = Trypticase soy agar, PEMBA = Polymixin, egg
yolk, mannitol, bromothymol blue agar
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Table 5. Number of references, sample size, and weighted mean of each standardized step
throughout the milk powder supply chain.
Concentration Data

Prevalence Data

Number of Sample Weighted Mean

a

Processing

Number of Sample

Weighted

references

Size

(log CFU/mL)

Step

references

Size

Mean (%)

31

13,094

1.95

Bulk Tank

9

2,494

44

7

997

1.65

Transport

3

543

50

16

2,082

3.81

Silo

1

46

35

10

1,308

4.89

Pasteurized

4

223

52

7

1,654

3.32

Packaged Milk

2

335

59

0

-

-

Standardizeda

1

20

60

5

191

3.00

Concentrate

1

20

45

1

18

3.54*

Spray Drying

1

20

40

1

18

3.42*

Fluid Bedb

0

-

-

6

133

2.14*

Milk Powder

5

1,381

72

No publications were found with concentration data for the standardization step.

b

No publications were found with prevalence data for the Fluid Bed drying step.

*Milk powder concentration is presented as log CFU/g as reported in the original studies.

4.4.2 Data Analysis
Concentration Data
Due to the lack of statistical descriptors (i.e., standard deviation), a meta-analysis
and heterogeneity analysis could not be performed for the concentration data. Therefore,
a descriptive analysis was carried out. This analysis was performed using 401 data points
(each data point is a concentration value reported in a study) collected from 50
publications. A boxplot chart was constructed (Figure 4) to visually represent the
changes in sporeformers population across the milk processing chain. At the farm, milk

149
in the bulk tank showed a sporeformers concentration of 1.95 log CFU/mL, which
continued to increase through transport, silo, and the pasteurization process, as shown in
Figure 4 and Table 6. These results suggest additional sources of contamination during
the process of moving the milk from the farm bulk tank through pasteurization. This
study evaluated two different routes for milk after pasteurization: packaged fluid milk
and milk powder. Results reported here were similar to those found by Ortuzar (2018).
From pasteurization to fluid packaged milk Ortuzar (2018) found an increase of 0.26 log
CFU/mL with a final concentration of 2.60 log CFU/mL in the packaged milk. In this
study, a decrease of 1.57 log CFU/mL was observed from pasteurization to fluid
packaged milk. However, a final concentration of 3.32 log CFU/mL in packaged milk
was reported (Table 5), arriving at the same conclusion of Ortuzar (2018) that measures
of control, hygiene, and sanitation practices, should be implemented during transport and
at processing facilities to reduce sporeformer populations associated with fluid packaged
milk. The discrepancies within the two studies could be attributed to the number of data
points included and how the processing chain was described (i.e., steps included in the
model). Contamination with sporeformers may start at the farm; however, other potential
sources of contamination include the processing environment because of the ability of
some sporeformers to create biofilm (Burgess et al., 2009; Marchand et al., 2012).
Hence, the need for effective equipment sanitation protocols.
When the milk powder processing was considered, a decrease of 1.89 log
CFU/mL was observed from pasteurized to concentrated milk (Figure 4). When data is
plotted using the original reported values from the studies included here (CFU/g) for
powder samples, it seems that there is a slightly increase in counts during the drying

150
process, and a final decrease in average counts towards the final product. The final
weighted average sporeformer concentration observed was of 2.14 log CFU/g in milk
powder. However, when a concentration effect of about 10-fold is applied to the data, to
have all powder data reported on a fluid milk basis (log CFU/mL), then a different trend
is observed (Bylund, 1995). After accounting for the concentration effect, the
contamination with sporeformers keeps decreasing (dotted line) from concentrate milk
(3.00 log CFU/mL) to spray drying (2.54 log CFU/mL), to fluid bed (2.42 log CFU/mL),
and to milk powder (1.14 log CFU/mL).
Based on the milk concentration effect alone, during milk powder processing, the
contamination levels with sporeformers must be below 50 spores (1.7 log) per mL in the
fluid milk so the milk powder obtained can meet market specifications of less than 500
spores (2.7 log) per gram of powder, with counts over 2 log CFU/mL in raw milk being
considered high (Watterson et al., 2014). In this research, the average sporeformer
concentration associated with raw milk in the bulk tank was 1.95 log CFU/mL, which is
very close to the required levels to produce milk powder of acceptable quality. However,
additional contamination occurs throughout the processing chain, leading to milk powder
that may not meet market demands. The average levels of sporeformers in milk powder
were 2.14 log CFU/g. Even though average results were below the market expectations,
39% of the milk powder samples were above 2.7 log spores/g. These results are above the
benchmarks limits needed for the milk powder exportation market, demonstrating that
sporeformers are indeed a problem for the entire dairy industry.
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Figure 4. Concentration of sporeformers along the milk processing chain. Each dot
represents a different data point, and its size corresponds to the sample size associated
with that data point. The red line represents the weighted average in log CFU/mL, except
for spray drying, fluid bed, and milk powder, which are presented in CFU/g, as reported
originally by the studies included here. The red dotted line represents the weighted
averages when data for spray drying, fluid bed, and milk powder was converted from
CFU/g to CFU/mL, to allow for a direct comparison with the previous points in the chart.

Prevalence Data
Prevalence data was not as abundant as concentration data regarding sporeformers
contamination across the milk processing chain. A descriptive analysis was created using
86 data points collected from 18 publications. Similarly to concentration, most of the data
published was associated with the raw milk at the bulk tank at the farm. Based on the
studies available, the prevalence of sporeformers increases along the milk processing
chain (Figure 5). Results showed that the raw milk at the bulk tank at the farm has a
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prevalence of 44% of the samples positive for sporeformers, with this prevalence
increasing to 52% at the pasteurization step and to 59% in the packaged milk. The milk
powder showed a prevalence of 72% of samples contaminated with sporeformers (Table
5). These results suggest that more than half of the samples are contaminated with
sporeformers, hence, the need to implement effective measures to reduce the prevalence
and contamination levels of dairy products with these microorganisms.

Table 6. Statistics summary of the concentration data throughout the milk powder supply
chain.

a

Q1

Median Q3

Max Weighted Meana Sample Sizeb

Processing Step

Min

Bulk Tank

-0.24 0.70

1.43

1.90

4.60

1.95

13,094

Transport

0.50 1.18

2.16

2.70

4.78

1.65

997

Silo

-0.10 1.59

2.24

2.80

6.38

3.81

2,082

Pasteurized

0.70 1.17

1.87

2.25

6.85

4.89

1,308

Concentrate

1.36 2.38

3.00

3.67

4.91

3.00

191

Spray Drying*

2.61 2.91

3.73

3.97

4.46

3.54

18

Fluid Bed*

2.45 2.77

3.54

4.03

4.26

3.42

18

Packaged Milk

0.70 1.60

1.88

2.23

6.74

3.32

1,654

Milk Powder*

0.81 1.62

2.31

2.94

4.70

2.14

133

Weighted mean was expressed as log CFU/mL based on the sample size from each step.

*Samples were expressed as log CFU/g.
b

Sample size is the number of samples combined for each standardized step across all
references.
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Figure 5. Prevalence of sporeformers along the milk processing chain. Each dot
represents a different data point, and its size corresponds to the sample size associated
with that data point. The red line represents the pooled estimates from the meta-analysis.

4.4.3 Meta-Analysis
Statistical estimates were obtained for prevalence data through a meta-analysis
approach. The meta-analysis approach used the variability between and within studies to
provide more powerful estimates, than an arithmetic average. Figure 6 shows a forest
plot of the prevalence data by processing step. Lack of data for the standardization,
concentrate, and drying steps was observed; therefore, heterogeneity could not be
calculated. Homogeneity between studies and insignificant differences were observed in
the silo (I2 = 0%, p = 0.98) and packaged milk (I2 = 0%, p = 0.39). On the other hand,
significant variance between studies (p < 0.01) and high heterogeneity values (I2 ≥ 90%)
were observed for the bulk tank, transport, pasteurized, milk powder, and overall, so the
random effects model was used.
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Pooled estimates and individual data points were plotted to visualize changes in
prevalence of sporeformers throughout the milk processing chain (Figure 5). The
prevalence of samples that tested positive for sporeformers increased from bulk tank to
packaged milk, and an even greater increase was observed from bulk tank to milk
powder. Based on the limited data points used in this analysis, these results suggest that
spores in milk tend to become associated with processing facilities and equipment,
contributing to an increase in levels and prevalence of sporeformers as the milk moves
throughout the processing chain
One approach to help reduce the level of contamination of final products (i.e.,
fluid pasteurized milk and milk powder) would be a reduction in the level of
sporeformers in the raw milk at the farm (i.e., bulk tank raw milk). In addition, more data
from primary research in milk powder processing, especially in the standardization,
concentration, and drying steps (e.g., spray drying and fluid bed), is needed to better
understand the contamination distribution and recommend effective interventions to
mitigate the sporeformers contamination for those steps of the processing chain for milk
powder.
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Figure 6. Forest plot of sporeformers prevalence at each step of the milk processing
chain.
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4.4.4 Exposure Assessment
The Monte Carlo method models the probability of outcomes in a study to
provide better estimates and improve the understanding of the study’s uncertainties
(Paustenbach, 2000). For this research, the baseline model was constructed from the
systematic review and meta-analysis and was defined as a supply chain model without
interventions. Under these conditions, it was estimated that the sporeformer concentration
in the bulk tank was 2.03 log CFU/mL with a 49% prevalence of sporeformers in raw
milk. Concentration increases during transport and at the processing plant (silo to
pasteurizer), resulting in a mean of 4.94 log CFU/mL in pasteurized milk with a 57% in
spore’s prevalence. A decrease was then observed for packaged milk with an estimate of
3.36 log CFU/mL (95% CI: 1.86-4.87) and a prevalence of 65% for milk powder, the
estimated concentration was 2.19 CFU/g (95% CI: 0.69-3.69) with a prevalence of 76%.
In this model, it was observed that the concentration increases along the processing chain
with a decrease towards the final product. In addition, the prevalence of spores continues
to increase throughout the dairy processing chain, i.e., from the farm to the final product.
A final concentration (FC) estimate (concentration × prevalence) was obtained for
the packaged milk and the milk powder. In general, the final concentration on average
was 2.16 log CFU/mL (95% CI: 0.78-3.60) in packaged milk and 1.67 log CFU/g (95%
CI: 0.42-2.93) in milk powder. Even though this could suggest that the conditions of milk
powder processing aid in reducing sporeformer populations it is worth mentioning that
39% of the milk powder samples would have more than 2.7 log CFU/g. Additionally, the
resistance of bacterial spores to chemical agents and harsh environmental conditions and
their capacity to remain dormant until optimum conditions arise is of concern, especially
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to the food industry (Popham et al., 1996). For example, thermophilic bacilli, such as
Geobacillus and Bacillus sporothermodurans, can survive sterility conditions (140°C for
3 s) (Scheldeman et al., 2006) hence, surviving milk powder processing conditions. The
presence of these spores is of great concern for the milk powder industry, as these
powders are used as ingredients in other dairy foods such as infant formula. Because of
the stringent specifications applied to milk powders that are destined for infant formula,
interventions to mitigate the contamination of milk powders with sporeformers are
needed to give US processors a competitive advantage in an international market.

4.4.5 Intervention Scenarios
A quantitative risk assessment approach can be used as a tool to predict risk
estimates and efficacy of risk mitigation strategies, i.e., efficacy of interventions before
implementation. Based on the interventions performed as part of this research, seven
different scenarios were evaluated as single interventions. Two of the scenarios (scenario
5 and 6) were assessed with multiple values. In the model, a scenario with no
interventions (baseline) was used as the reference value. The interventions tested and the
results in terms of mean estimates and efficacy percent are presented in Table 7.
Cleaning and sanitizing protocols for dairy equipment are essential to control
pathogenic and spoilage microorganisms. The ability of some sporeformer
microorganisms to form biofilms presents a threat in the efforts to achieve high-quality
milk powder. Therefore, optimum methods to reduce or eliminate biofilms are needed to
benefit the dairy industry (Flint et al., 1997; Ostrov et al., 2016). The CIP protocol
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implemented in this study (Scenario 1) provided a 41% reduction in sporeformers,
resulting in an estimate of less than 2 log CFU/g in milk powder.
Evanowski (2020) showed that the addition of Clorox at 200 ppm in the towels
used to clean the cows' teats reduces sporeformers in bulk tank raw milk. The addition of
bleach at 200 ppm in this study provided a 33% reduction of sporeformers in milk
powder, also resulting in an estimate of less than 2 log CFU/g (Scenario 3).
New sand used as bedding was associated with a lower number of mastitiscausing pathogens (Rowbotham and Ruegg, 2016). In addition, sand does not support the
growth of bacteria and has been correlated with low somatic cell count in bulk tank milk;
therefore, it is favored as a bedding material (Godden et al., 2008; Murphy et al., 2019).
Scenario 2 (replacement of used sand by new sand as bedding) provided a 23% reduction
on sporeformers in milk powder. In previous research, Martin et al. (2019) showed the
influence of environmental factors, including bedding, in the contamination of milk with
sporeformers in the bulk tank.
Gibson et al. (2008) revealed that disinfecting and drying the cow’s teats premilking effectively controlled the microbial load on the udder’s surface. Similarly, an
effective teat dip would be essential to ensure the reduction of sporeformers in milk. In
this study, three different brands of chlorine-based teat sanitizer were tested as a
replacement for an iodine teat sanitizer. The first one (i.e., Teat Dip I) was inefficient in
one simulation and efficient in a second simulation with a 28% reduction (Scenario 5).
The second teat dip reduced sporeformers by 16% in one simulation, while two other
simulations were deemed not efficient due to an increase in sporeformers (Scenario 6).
The third teat dip was tested only once and this simulation was deemed efficient,
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providing a 44% of reduction; the biggest reduction on sporeformers among all
interventions and scenarios tested (Scenario 7). The categories A, B and C under the teat
dips, which refer to three different farms, provide an interesting insight as they all have
different practices. Farm A is a large dairy farm with a herd size of 1800 lactating cows,
uses sand as bedding material, and reusable microfiber towels to dry cow’s teats. Farm B
is a smaller farm, around 200 lactating cows, that uses manure as bedding material and
disposable towels to clean cow’s teats. Farm C is also a small farm, uses straw as bedding
material and microfiber reusable towels. Interestingly, teat dips I and II were not efficient
in farm A but were efficient in farm B, suggesting that other management practices,
besides the teat dip used, may play a bigger role in controlling sporeformers in the raw
milk at the farm. Interventions where there was an increase of sporeformers in milk
powder resulted in a negative number; therefore, they were reported as not efficient.
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Table 7. Analysis of intervention scenarios.
Scenario ID Description
Baseline

a

Mean Risk Estimate Intervention Efficacy
Log CFU/mL
Percent %
2.1918

1

Clean-In-Place

1.8918

41

2

Bedding Protocol: Sand

2.0418

23

3

Towel Sanitizer: Bleach

1.9618

33

4

Heavy-duty towels

2.2418

Not efficienta

5a

Teat Dip I A

2.4718

Not efficienta

5b

Teat Dip I B

2.0018

28

6a

Teat Dip II A

2.6718

Not efficienta

6b

Teat Dip II B

2.0918

16

6c

Teat Dip II C

2.2018

Not efficienta

7

Teat Dip III A

1.8618

44

Negative values were reported as not efficient. These interventions resulted in an increase

of mesophilic sporeformers.

4.5 Conclusions
Based on the production, processing, and distribution system used by the food
industry, high-quality products with long shelf-life are required to meet market demands
and expectations. However, stakeholders’ part of the fluid milk chain need more
information on how to produce milk and process milk-based products that meet market
expectations regarding contamination with sporeformers. Additional research oriented
towards collecting information on concentration and prevalence of these organisms
throughout the milk chain is necessary. More specifically, statistical descriptors, such as
standard deviation, are needed to improve future risk-based models of dairy products
regarding sporeformers. The use of improved models will result in better estimates,
which will help identify risk factors that contribute to the contamination of dairy products
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with sporeformers. Specifically, concentration data in the processing steps, from the farm
to the milk powder, can aid in understanding where additional contamination with
sporeformers may be happening. This would provide opportunities to evaluate
intervention strategies in different stages to mitigate contamination with sporeformers in
the farm-to-fork continuum.
Among the interventions evaluated in this research, the scenario that included the
clean-in-place protocol tested and the use of bleach to sanitize reusable towels showed
and efficacy of 41 and 33%, respectively. Teat dip III showed promising results.
However, the application of this sanitizer in other farms is needed to evaluate its effect on
farms with different management practices.
Additionally, the implementation of interventions shown to have efficacy, will
allow dairy processors to grow their markets by improving the quality of their products
by lowering the levels of sporeformers associated with them. Therefore, the potential for
increased US dairy products exports, like milk powder, would lead to a greater demand
for high-quality raw milk, resulting in bigger herds and increased profits to farmers.
Additionally, this positive effect on raw milk quality could also benefit the fluid milk
industry since a reduction in sporeformers may possibly finally lead to milk with a longer
than 21 days shelf-life.
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Concluding Remarks
Sporeformer bacteria are ubiquitous in the farm environment and raw milk is an
entry point for these organisms into the milk chain. The survey study shown in this
dissertation reveals that most of Nebraska’s dairy farmers have acceptable practices in
place to produce raw milk of good quality. However, there is a necessity for high-quality
raw milk that has a longer shelf-life. Changes in sanitation and managements practices,
such as changes in teat sanitizers, chemicals for equipment, and detergents used for
cleaning and sanitizing the towels used to clean the cow’s teats, were favored amongst
the participant farmers in this study, as places to implement changes in dairy farms.
Because sporeforming bacteria, survive pasteurization and milk powder
processing conditions, interventions at the farm level are key to controlling sporeformer
bacterial populations that could benefit the dairy industry. Interventions tested in this
study included an improved clean-in-place system, an improved bedding protocol with
sand as bedding material, a different material of towels used to clean cow’s teats, the
addition of bleach at 200 ppm to the towels cleaning protocol, and three different brands
of chlorine-based teat sanitizer. Results obtained from the present study showed that an
improved clean-in-place system, the addition of bleach to the towels, and an improved
bedding protocol resulted in a significant reduction of sporeformer populations in the raw
milk at the bulk tank. The three teat sanitizers tested presented conflicting results; hence,
more research is needed to provide a conclusion regarding these sanitizers.
Currently, farmers need more information on how to produce high-quality milk
and milk-based products that can reach the international market specifications for milk
powder (i.e., low spore counts). The contamination of sporeformers (i.e., concentration
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and prevalence) increases from the farm to the final product (i.e., milk powder). The
establishment of a baseline of sporeformers contamination throughout the milk powder
processing chain showed that sporeformers concentration increases from raw milk at the
bulk tank (1.95 log CFU/mL) to the milk powder (2.14 log CFU/g). The prevalence of
sporeformers also increased from 44% of sporeformers in raw milk at the bulk tank to
72% in milk powder.
Among the interventions evaluated in this research, the scenario that included the
clean-in-place protocol tested, the bedding protocol, and the use of bleach to sanitize
reusable towels showed and efficacy of 41%, 23%, and 33%, respectively. From the three
chlorine-based teat sanitizers, Teat Dip I and II showed conflicting results, while Teat
Dip III showed promising results (44% reduction). However, the application of Teat Dip
III in other farms is needed to evaluate its effect on farms with different management
practices.
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Future Work
To better understand dairy farm practices and to create guidelines that will help
dairy farmers across the United States, the survey questionnaire instrument should be
expanded to include dairy farms throughout the United States. This will allow the
determination of common practices where farmers across the US are willing to
implement changes to reduce sporeformer populations in the raw milk.
Interventions implemented once, such as the enhanced clean-in-place protocol,
the improved bedding protocol, the addition of bleach to the towels cleaning protocol,
and the heavy-duty towel material, should be replicated in farms with different
characteristics to those of farm A. This will allow us to create conclusions that can be
generalized and applied to all dairy farms. In addition, more replications of the teat
sanitizers are needed in order to achieve a stronger conclusion regarding the efficacy of
these teat dips. Interventions that showed efficacy in reducing sporeformers in raw milk
should be applied simultaneously to determine the combine effect in the reduction of
sporeformers.
Further research oriented towards collecting information on concentration and
prevalence of sporeformers throughout the milk processing chain is needed. Statistical
descriptors, such as standard deviation, standard error, and sample size are needed to
improve future risk-based models of dairy products regarding sporeformers. These
improved models will provide better estimates and will aid in the identification of risk
factors that contribute to the sporeformers contamination of dairy products.
Concentration data in the processing steps, from the farm to the milk powder, can help
understand where additional contamination may happen. This can provide opportunities
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to evaluate intervention strategies in different stages (and simultaneously) to mitigate
contamination with sporeformers in the farm-to-fork continuum.
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Appendix A
University of Nebraska – Lincoln
Current Practices in Dairy Farms:
Tracking heat-resistant sporeforming bacteria in the milk chain.

I. General Information
1. First and Last Name:
__________________________________________________

2. What is your gender?
___ Female
___ Male
3. Name of the Farm:
__________________________________________________
4. County:
___________________________
5. Farm Address:
Address
__________________________________________________
Address 2
__________________________________________________
City/Town

_______________

State/Province _______________
ZIP/Postal Code

_______________

Email Address _______________________________________
Phone Number

____________________________
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II. General Management
6. In your farm, how many cows are milked per day?*
______________________________
7. What is the average milk production per cow? (specify unit: i.e. lbs, Kg, L)*
______________________________
8. Are your cow's tails docked?
___ Yes
___ No

III. Milking Routine
9. During udder preparation for milking, which of the following steps do
you follow:*
Yes

No

Dry massage
Fore – strip
Pre-milking teat disinfectant
Post-milking teat disinfectant
10. Which type of teat disinfectant do you use?*
___ Spray
___ Dip
___ Foam
___ Other (please specify)
11. Indicate the Brand and Manufacture of the disinfectant you use.
_________________________________________________________
12. Do you segregate cows to be milked separately?
___ Yes
___ No
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13. What are your criteria for segregation? (i.e. SCC)
_________________________________________________________
14. Are segregated cows milked last?
___ Yes
___ No

15. Are gloves mandatory for employees in the milking parlor?
___ Yes
___ No
16. What is the temperature used for milk storage? (°C)*
____________________

17. How long is milk usually stored before pick up? (specify: hours, days, etc)*
____________________

IV. Environmental Conditions:
18. In your farm, what is the housing type used:
___ Steel
___ Concrete
___ Wood
___ Other (please specify)
19. How about the bedding type:*
___ Sand
___ Sawdust
___ Straw
___ Manure
___ Tie - Stall
___ Other (please specify) ______________
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20. How frequently is the bedding changed? (specify time period: i.e. days, weeks,
etc)*
____________________

21. Is any of the bedding reused?
___ Yes
___ No
22. Do you recycle water?
___ Yes
___ No
23. Explain in which operations, where and the frequency of reuse.
_______________________________________________________________

24. Which type of ventilation is present in the housing area?
___________________________________________________

25. How frequently are the pens cleaned? (i.e. old bedding completely removed and
replaced)
___________________________________

26. What are the main types of feed or feed ingredients you use? (ingredients, source)
_______________________________________________________________

27. How often throughout the year do you change your feed recipe?
___________________________________
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V. Sanitation
28. How frequently is your bulk tank cleaned?*
__________________________________________

29. What type of bulk tank cleaner and sanitizer do you use?*
__________________________________________

30. Do you have procedures for cleaning and sanitization of milking equipment and
lines?
___ Yes
___ No
31. How frequent do you clean and sanitize them?
__________________________________________

32. Do you have procedures for cleaning and sanitizing the teat cups?
___ Yes
___ No
33. How frequent do you clean and sanitize them?
__________________________________________

34. How often do you clean the parlor floor during milking?
__________________________________________
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VI. Participation
The University of Nebraska-Lincoln has received funds from the Midwest Dairy
Association to conduct studies at farm level regarding spore-forming bacteria. We would
like to evaluate the level of interest among farms to participate in this study. We would
be providing all technical support and covering any expenses related to the project. The
study would require a commitment of about 10 - 15 weeks with minimal interference of
farm practices or schedule.
35. Are you willing to participate in such a study?
___ Yes
___ No
36. Would you be willing to change some of your current practices, like:

Yes

No

Bedding (Sand)
CIP Protocol (Enzimatic or Sporewars®)
Sanitizer used on reusable towels
Add the use of disposable towels
37. How much does your current bedding cost? (specify if weekly or monthly)
__________________________________________

38. How much does your current CIP protocol cost? (specify if weekly or monthly)
__________________________________________

39. How much does your current towel protocol cost? (washing or replacing
disposable)
__________________________________________
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40. Do you sell your raw milk under a contract?
___ Yes
___ No
41. Do you receive premiums for milk quality?
___ Yes
___ No
42. Do you receive premium for:

Yes

No

Low Somatic Cell Count (SCC)
Low Total Plate Count (TPC)
Low Laboratory Pasteurized Count (LPC)

43. Do you have available records of:

Yes
Somatic Cell Count (SCC) in raw milk
Total Plate Count (TPC) in raw milk
Laboratory Pasteurized Count (LPC) in raw milk

44. Are you willing to share the data with us under confidentiality?
___ Yes
___ No

No

